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Abstract
Optimization of sulfur trioxide (SO3) content is typically conducted for plain cements
(OPC-based) paste or mortar systems using compressive strength testing and isothermal
calorimetry for quality control. The objective of these procedures is to ensure adequate strength
and set properties by controlling the time of occurrence of the aluminate peak by adjusting the SO3
content by incremental addition of sulfate in the form of hemihydrate at three or more levels, at
the same time attempting to maximize either strength or heat of hydration at 1 and 3 days. The
inclusion of supplementary cementitious materials such as blast furnace slag at high replacement
levels in concrete mixtures is common. The incorporation of slag, typically with higher alumina
contents than OPC, can additionally impact the sulfate consumption as they are expected to
influence the reaction of the aluminate phase at an early age. Additionally, slags have variable
alumina content ranging between 7% and 18%, which can further influence this tendency.
This study investigates the influence of fineness, C3A, C4AF content of cement, and Al2O3
content of slag based on compressive strength and isothermal calorimetry testing at one and three
days. A matrix consisting of four cements with variable fineness, C3A, C4AF content of cement,
and two slags with low and high alumina contents was investigated for optimum SO3 content. A
single replacement level of 50% by mass of slag was used. The results suggest the strong influence
of C3A, C4AF content of cement, and Al2O3 content of slag and mean particle size and fineness of
both cement and slag on optimum SO3 content based on the heat of hydration and compressive

vi

strength testing. An expression incorporating these parameters is suggested for the optimization of
SO3 content for use in slag-blended systems.

vii

Chapter 1: Introduction
Supplementary cementitious materials (SCMs), which are natural materials or industrial
byproducts, have been intensively used in the construction industry for decades since
sustainability, performance, and carbon footprint have been gaining global attention [1]–[4]. SCMs
are used as a partial replacement of Portland cement to improve both fresh and hardened concrete
properties [5], [6]. One of the commonly used SCMs around the world is ground granulated blast
furnace slag (GGBS). Slag manufacture and utilization in the concrete industry have been
consistently increasing [7], [8]. Since slag substitutes ordinary Portland cement (OPC), it can
provide increased durability, workability, higher ultimate strength, cost efficiency, and reduced
CO2 emissions [9]–[14]. However, slag reacts relatively slowly than OPC, and it demonstrates
lower early age strength development. Even though the levels of replacement are restricted,
contributions of slag into concrete and construction are expressed in many research reports [10],
[13]–[19].
From a historical perspective, the determination of sulfate content in cements and blended
cements have become a crucial problem for researchers. Lerch [20] conducted the first most
comprehensive research on sulfate optimization of cement paste and mortar. Researcher optimized
sulfate content of cement based on compressive strength, heat of hydration (HOH), and also with
length change of mortar bars stored in water. The researcher demonstrated how compressive
strength and HOH present virtually identical results on sulfate optimization.
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Therefore, Lerch [20] has been a pioneer and inspired by many studies on sulfate
optimization of cement and cementitious systems. Sandberg and Bishnoi [21] displayed sulfate
optimization of calcined based LC3 cement using isothermal calorimetry. Researchers steadily
increased sulfate amount in LC3 cement, measured the heat of hydration (HOH) via calorimetry,
and selected the maximum HOH at the desired age.
Mei-Zue and et al. [22] focused on the optimization of sulfate in different blended
cementitious systems. Researchers' experimental results showed that different content of blended
cementitious systems needed different amounts of sulfate content for sulfate optimization.
Therefore, different gypsum contents such as calcined gypsum, which have different solubility and
activity, were influenced by sulfate optimization.
Another inspirited research from Lerch's work was "on optimization of sulfate level on fly
ash-OPC system" studied by Niemuth [23]. Even though there was no specific standard to
determine sulfate optimization on blended cement systems, the researcher also used compressive
strength test and isothermal calorimetry to determine sulfate demand on fly ash-OPC systems in
his dissertation and paper [23], [24]. The researcher demonstrated that fly ash demand increased
in optimum sulfate in the OPC-fly ash system. The researcher examined in detail the effect of
sulfate optimization on the OPC-fly ash system, which not only depends on the physical properties
of fly ash, like particle size but also depends on the chemical properties of fly ash.
Mohammed and Safiullah [25] studied and optimized sulfate content of Algerian Portland
cement. The authors' conclusions demonstrated that qualities of cement paste and mortar such as
setting time, strength, drying shrinkage, degree of hydration, and so on, were unfavorably affected
when calcium sulfate dihydrate was added below or above the optimum of sulfate content in
cement.
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As detected by Lerch [20] and other researchers [22]–[25], there are many certain factors
affecting sulfate demand on cement and cementitious systems. Tricalcium aluminate (C3A),
fineness, and alkalis are the most well-known factors affecting the sulfate demand for cement. On
the other hand, the incorporation of slag, typically with higher alumina contents than ordinary
Portland cement (OPC), can additionally impact the sulfate consumption as they are expected to
influence the reaction of the aluminate phase at early ages. Besides, higher alumina slag content
can induce more rapid slag hydration in a cement-slag system [26]. Furthermore, Kocaba's research
[10] proved that slags favored the hydration of the ferrite (C4AF) phase in cements. Therefore,
C4AF in cement and alumina content in slag also have been taken into consideration on sulfate
optimization of slag-cement systems in this research.
Isothermal calorimetry, which is equipped with unique temperature control systems usually
has high repeatability compared to compressive strength tests. The test results can be obtained
without stopping the experiments at any time, in other words, it provides continuous information
[20], [23], [27]. Nevertheless, making specimens for compressive strength tests needs intensively
physical labor, and specimens have to be kept in ambient, temperature-controlled lab room or
cabinet [28]. On the other hand, from past to present compressive strength test has been commonly
used in the concrete industry. Therefore, both compressive strength tests and isothermal
calorimetry were used to determine sulfate optimization in cement-slag systems at one day and
three days in this research.
The objective of this investigation is to illustrate that the substitution of cement with slag
will alter the ideal sulfate level by expanding the sulfate demand. Isothermal calorimetry can be
utilized to foresee the ideal sulfate substance for cement–slag systems, and optimization of the
sulfate level with respect to the cement and slag can develop the early age strength. This study
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investigated the influence of fineness, C3A, C4AF content of cement, and Al2O3 content of slag
based on compressive strength and isothermal calorimetry testing at 1 and 3 days. A matrix
consisting of 4 cements with variable fineness, C3A, C4AF content of cement, and two slags with
low and high alumina contents was investigated for optimum SO3 content. A single replacement
level of 50% by mass of slag was used. The results suggest strong influence of C3A, C4AF content
of cement, and Al2O3 content of slag and mean particle size and fineness of both cement and slag
on optimum SO3 content based on the heat of hydration and compressive strength testing. An
expression incorporating these parameters is suggested for the optimization of SO3 content for use
in slag-blended systems.
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Chapter 2: Literature Review
The fundamental principle of ordinary Portland cement (OPC) hydration must be known
to understand how the ideal sulfate level of Portland cement is determined by slag. There is also a
need to understand slag properties, how slag reacts, and how slag can interact with cement
hydration. Reviews on the optimization of sulfate in cement and cement with other supplementary
materials are given. All this knowledge is then used in the rest of the paper to build the experiments
and the hypotheses.
2.1 General Overview of Portland Cement
Portland cement (PC) clinker is the process of burning raw materials containing a sufficient
amount of lime (CaO), silica (SiO2), alumina (Al2O3), ferric oxide (Fe2O3), and lower amounts of
oxides (MgO, Na2O, K2O and so on) at 2600-2900 °F. Limestone (CaCO3) in the raw mixture's
calcareous portion exposes lime to disintegration at about 900 °C. The lime reacts with silica,
alumina, and ferric oxide from the raw mixture's argillaceous element to produce clinker minerals
[2], [19], [29]. The clinker consists of four main minerals, namely alite (3CaO•SiO2), belite
(2CaO•SiO2), tricalcium aluminate (3CaO•Al2O3), and ferrite phases (4CaO•Al2O3•Fe2O3).
Typically, the industrial Portland cement types do not contain such minerals as pure compounds.
However, they also have varying concentrations of extraneous ions in their crystal structure. The
clinker is typically blended with about 5% gypsum to get the ordinary Portland cement [2], [19],
[29], [30].
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The compounds found in cements are usually classified as the total amount of their oxides
despite not being present in the blends. In general, the cement's chemical compositions are
indicated by the shortened formulas in which the oxides are represented as single-letter shorthand
notations, as shown in Table 2.1 [2], [29]. Therefore, tricalcium silicate can be identified as C3S
by using abbreviations of cement oxides. Various other components are produced in the cement
hydration, which contains more complex standard chemical formulations. The use of shorthand
notation easily expresses them [2], [29]–[31]. For instance, Ca6Al2S3O50H64 is a typical chemical
formula of ettringite. It is a hydration product of aluminate and gypsum. When the conventional
chemical formulation of ettringite is divided into oxides, the ettringite can be expressed as
6CaO•Al2O3•3SO3•32H2O, which can be shortened as C6AS̄3H32 [19], [31].

Table 2.1 Typical ordinary Portland cement oxide composition
Common Name Oxide Notation
Lime

CaO

C

Silica

SiO2

S

Alumina

Al2O3

A

Ferric Oxide

Fe2O3

F

Sulfur Trioxide

SO3

S̄

Water

H2O

H

Carbon Dioxide

CO2

C̄

Magnesia

MgO

M

Na2O

N

K2O

K

Alkalis
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Table 2.2 indicates the main components of the typical OPC. The total quantity of calcium
silicates (C3S and C2S) is about 75% as OPC's mass fraction. It is necessary to note that the main
compounds of the OPC do not constitute entire cement compositions. These missing components
contain a minor quantity of impurities [29], [32].

Table 2.2 Typical ordinary Portland cement composition (Adapted from [2], [29])
Chemical Name
Chemical Formula Notation Weight (%)
Tricalcium Silicate (Alite)

3CaO•SiO2

C3 S

55

Dicalcium Silicate (Belite)

2CaO•SiO2

C2 S

21

Tricalcium Aluminate (Aluminate)

3CaO•Al2O3

C3 A

11

Tetracalcium Aluminoferrite (Ferrite)

4CaO•Al2O3•Fe2O3

C4AF

8

Calcium Sulfate Dihydrate (Gypsum)

CaSO4•2H2O

CS̄H2
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2.2 Ordinary Portland Cement Hydration
Once OPC is blended with water, several chemical reactions occur. The entire reaction is
termed as "hydration". Besides, "hydration products" are typically referred to as the new material
formations consisting of hydration. It is important to remember that cement is a multi-component
system. Thus, hydration of cement is a very complicated operation involving several successive
and concurrent reactions. In addition to the four main cement clinker compounds, free lime,
CaSO4, Na2SO4, and K2SO4 are also involved in the cement hydration [2], [19], [29], [33], [34].
The description of cement hydration is typically based on the individual hydrations of the
main cement compositions. Each compound of cement was considered to be hydrated
independently of other cement phases. Even though these cement compounds' interactions with
each other, as well as minor cement phases, influence both the process and the kinetics of
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hydration, it helps to understand and provides much valuable knowledge about how OPC hydrates
[2], [29].

2.2.1 Calcium Silicates Hydration
The two calcium silicates, which are the cement's main components, have almost identical
stoichiometric hydration reactions. Except for the amount of calcium hydroxide produced (aka
portlandite or CH). The stoichiometric equations for both hydrations of calcium silicate are shown
as [2], [29] :
2C3S+ 11H (Water) → Calcium Silicate Hydrates (C-S-H) + 3CH

Eq. (2.1)

2C2S+ 9H (Water) → Calcium Silicate Hydrates (C-S-H) + CH

Eq. (1.2)

The main hydration product is the "Calcium Silicate Hydrates" (C3S2H3); in other words,
C-S-H. The C3S2H3 is an estimation of C-S-H composition with complete alite hydration. The
composition of C– S–H considerably variable. This change depends on the water/cement ratio,
ambient conditions, and degree of hydration. The ratio of CaO/SiO2 is “1.50” when hydration is
complete; however, it never reaches “2.00” at any point of hydration. For the full hydration of
OPC, approximately 65% of hydration products of alite is C–S–H gel [2], [29], [35].
Furthermore, C-S-H is the most crucial part of the hydrated paste since more than 50% of
the hydrated paste is in the form of C-S-H gel. However, it is hard to study due to its amorphous
features, compositional heterogeneity, and indefinite morphology. It has uncrystallized, ultrasmall, and non-regular particles. These small particles are mainly studied through electron-optical
methods (e.g., SEM and TEM), but they cannot be resolved fully. On the other side, calcium
hydroxide (CH) particles occupy roughly 20% of the cement paste volume. Unlike C-S-H, CH is
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a well-crystallized material, and it can be easily examined by simple optical microscopy [2], [19],
[35]–[37].
The C3S hydration kinetics have been evaluated by XRD, which measures the quantity of
the unhydrated C3S over time. Conversely, this approach is not reliable and accurate enough to
ensure the early age of hydration, especially the degree of hydration below 0.1 [29], [38], [39].
Besides, the two reactions of calcium silicates hydration, as well as all cement composition
hydration, are exothermic, so that heat evolution occurs during reactions. The heat of the mortar
and the concrete increase unless it is rapidly released into the ambient. A specialized calorimeter
can follow cement hydration under stable laboratory conditions. It measures the thermal
conductivity rate required to maintain a constant temperature [2], [29]. Figure 2.1 shows the
calorimetric curve that defines the typical heat evolution rate of C3S hydration with time. Several
phases of C3S hydration can be more easily distinguished from this calorimetric curve. These steps
are I: pre-induction (initial hydrolysis) period; II: induction period; III: acceleration period, IV:
deceleration period, and V: steady-state.
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C3S Hydration
I

30

II

III

IV

V

Heat Flow (mW/g)

25
20
15
10
5
0
0.1

1

Time (h)

10

100

Figure 2.1 The heat evolution rate of C3S hydration. (Adapted from [2], [29])

An incredibly high C3S hydration rate arises during the "initial hydrolysis" stage, which
only takes a few minutes (about 15-20 min) and slows down to almost null when the "induction
period" begins. O2- ions in the C3S are released to the surrounding liquid phase during interactions
with water to form OH- ions due to protonation. Likewise, SiO44- ions of C3S also join the solution
for hydrogen silicate ions production. The Ca2+ ions are incorporated into the precipitating C–S–
H. The C-S-H gel layer is then positioned on the C3S particle's surface that serves as a block to the
further water interaction with the C3S underlying and further release of OH-, SiO44-, and Ca2+ ions
from the surrounding liquid during the induction phase. Another idea about producing this
immediate C-S-H is that releasing of Ca2+ ions from the C3S particles leading to a silica-rich
surface layer that then absorbs the calcium ions in the surrounding fluid, thereby the thin, nearly
impermeable C-S-H layer covers the C3S particles [2], [29], [33], [39], [40].
10

"The induction period" is the inactivity stage of C3S hydration. That is why PC concrete
stays in the plastic condition for a couple of hours [2], [39]. The duration of the "induction period"
is several hours. There are no specific explanations for the end of the "induction period" and the
beginning of the "acceleration period." Several ideas have been established to describe this
phenomenon. Without moving through deeply into these ideas, a number of compositional and
morphological changes are made in the initially developed C-S-H layer, making it more permeable
or decomposable due to the osmotic pressure produced by the fluid at the interface with the C-SH layer and the underlying C3S layer. Therefore, additional hydration is also possible [2], [19],
[29], [33], [39], [41], [42].
The "acceleration period" hydration rate rises quickly and reaches a peak in 5–10 hours.
During this stage, CH's concentration in the solution becomes the highest, and thus the
precipitation begins. At the end of the acceleration period, the C3S reaches the highest hydration
rate, which corresponds to the ultimate heat evolution rate. In the meanwhile, the final set was
completed, and the early hardening just started [29], [39], [40], [43], [44]. Later, as the hydration
occurs, the hydrate layer thickness grows and acts as a barrier to which the water has to flow to
the unhydrated C3S and from which the ions have to disperse to reach the growing crystals.
Ultimately, mass transfer through the C-S-H layer regulates the hydration rate of C3S, and
diffusion controls hydration (deceleration period). Diffusion-controlled reactions are relatively
slow and slower with increased diffusion barrier thickness. As a result, hydration shows a tendency
to reach asymptotically 100% completion (steady-state period) [2], [29], [33], [40], [45].
Even though the C2S hydration mechanism matches up with C3S, it is much less reactive
than C3S. Besides, the heat released by C2S hydration is less than with C3S hydration. The second
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strong observed peak in the C3S calorimetric hydration curve is scarcely detectable for C2S [2],
[19], [29], [39].

2.2.2 Tricalcium Aluminate Hydration
Tricalcium aluminate's (C3A) hydration in the OPC involves reactions with sulfate ions
(SO2−
4 ) typically produced by gypsum dissolution. The main initial C3A reaction is [2]
C3A + 3CS̄H2 (Gypsum) + 26H → C6AS̄3H32 (Ettringite)

Eq. (2.3)

Ettringite, a hydration product of aluminate, is stable when adequate amounts of sulfate are
available. If all the sulfate is used before the aluminate has been fully hydrated, in that case,
ettringite converts into the other less sulfate-containing calcium sulfoaluminate hydrate [2], [29].
2C3A + C6AS̄3H32 + 4H → 3C4AS̄H12 (Monosulfoaluminate)

Eq. (2.4)

For the ettringite formation, a specific concentration of sulfate ions is needed. For this
reason, sometimes, monosulfoaluminate can be produced even before ettringite if the hydrating
C3A uses the sulfate ions more quickly [39], [46].
These two sets of C3A hydration are exothermic. Ettringite formation delays the C3A
hydration by forming a diffusion barrier all-around aluminate, like the C-S-H actions during the
calcium silicates hydration. The C3A calorimeter hydration curve, therefore, appears qualitatively
similar to the C3S hydration curve, even though the underlying reactions are dissimilar, and the
heat flow is much higher. Its very first heat flow peak is roughly completed in 15 minutes.
However, the second peak time on the calorimeter curve is dependent on the amount of sulfate.
Ettringite stays stable for longer periods with more gypsum or calcium sulfates during hydration.
The conversion process to monosulfoaluminate happens between 12 and 36 hours during most
OPC hydration after all gypsum is used in the ettringite processing [29], [47], [48].
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Monosulfoaluminate formation occurs because gypsum is not adequate in most cement to
the formation of ettringite from all of the aluminum ions. If monosulfoaluminate interacts with
additional sulfate ions, ettringite can again form. The principal reason for the OPC sulfate attack
is this transforming ettringite from exposed to external sulfate ions source [2], [29].
C4AS̄H12 + 2CS̄H2+ 16H → C6AS̄3H32

Eq. (2.5)

Gypsum (calcium sulfate dihydrate) is added to minimize the initial vigorous C3A reaction
to water, triggering the flash set because of the swift calcium aluminate hydrates formation. These
calcium aluminate hydrates are unstable and eventually transformed into a hydrogarnet (C3AH6)
[2], [33], [49].
2C3A+ 21H → C4AH13 + C2AH8

Eq. (2.6)

C4AH13 + C2AH8 → 2C3AH6 + 9H

Eq. (2.7)

This transformation is identical in "high-alumina" cement. However, the reactions happen
so quickly (simultaneously, a high heat liberation rate leads to a high temperature in the paste), the
cement paste cannot gain considerable strength. This lack of the gypsum (or any other form of
calcium sulfates) causes the flash setting. Although gypsum is present in the cement, the sulfatefree hydrates form might not be eliminated, even it may lead to a flash set when aluminate is highly
reactive [2], [19], [29], [39], [49].

2.2.3 Tetracalcium Aluminoferrite Hydration
The tetracalcium aluminoferrite (ferrite) hydration forms are similar to those of aluminate
hydration, even without gypsum. However, the ferrite reactions are slower, and the heat flow rate
is lower than that of aluminate. Ferrite rarely hydrates fast enough to induce flash setting, and
gypsum slows down ferrite hydration much more dramatically than aluminate does [2], [29], [50].
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The variations in ferrite composition affect only the hydration rate; as the ratio of Al 2O3/Fe2O3
(A/F) decreases, the hydration rate is slower. Iron oxide or ferric oxide tends to have a similar
function as alumina (Al2O3) during hydration in that iron oxide can be used to replace alumina in
the hydration products [2], [29], [42], [50].
C4AF + 3CS̄H2+ 21H → C6(A, F)S̄3H32 +(F,A)H3

Eq. (2.8)

C4AF + C6(A, F)S̄3H32 + 7H → 3C4(A,F)S̄H12 + (F,A)H3

Eq. (2.9)

Practically, the cements which are low in aluminate but high in ferrite content have been
shown to be far more sulfate resistant. This indicates that there is no ettringite formation by
monosulfoaluminate, as in Eq 2.5. The explanation has not been explicitly stated; " it may be that
the iron-substituted monosulfoaluminate cannot react to the ettringite formation" [2], [19], [48],
[50].

2.2.4 Portland Cement Hydration
As the anhydrous cement is blended with water, it begins to dissolve form hydrated
compounds of significantly lower solubility, precipitating the solution to be deposited into areas
initially filled with water. The approximate degree of hydration for the early days is
aluminate>alite>ferrite>belite [2], [29], [35], [48]. Nevertheless, it should be noted that these
cement compounds cannot hydrate entirely at a similar rate in the different cements or under other
conditions. The hydration of ordinary portland cement (OPC) is influenced by a variety of factors,
such as; chemical oxide and mineralogical compositions of the cement, fineness and particle size
distribution (PSD) of the cement, role and volume of chemical admixtures and gypsum, the ratio
of water to cement (w/c) in the mixture, ambient conditions (i.e., temperature, humidity), and the
number of foreign ions [2], [19], [29], [33], [39].
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It must be considered that the hydration of Portland cement is far more complicated than
that of the individual phases because interactions with one another and with other minor oxides
will modify both the hydration mechanism and kinetics. The presumption that cement compounds
are independently hydrated is plausible but not necessarily correct for most purposes [2], [19],
[29], [33]. For instance, both ferrite and aluminate react with sulfate ions. Aluminate is, however,
more reactive than ferrite and consumes much more sulfate than ferrite. On the other hand, gypsum
raises the hydration rate of calcium silicates (especially alite), which supplies sulfate during
hydration [2], [51], [52]. The presence of optimal calcium sulfate contents in a cement paste is also
a perfect example for developing the highest strength [20], [22], [53]. One of the theories is that
an excessive level of gypsum content leads to too much ettringite forming after the paste is
hardened, provoking uncontrolled expansion and destruction of the paste's microstructure. On the
other hand, a low amount of gypsum may not react with all aluminate in the cement, and aluminate
reacts with calcium hydroxide, which supplies free lime to reaction, and monosulfoaluminate
solution. Lime consumption causes delay alite hydration because of preventing the nucleation of
alite hydration. Additionally, low amounts of gypsum may cause a "flash set" due to the sudden
aluminate hydration in the paste [2], [20], [29], [33], [35], [52], [54].

2.2.4.1 Heat of Hydration
The heat of hydration (HOH) is the enthalpy of the reaction. All cement hydration steps,
which are exothermic reactions, are followed by the heat release. The HOH is a measure of heat
generated by each reacting unit mass of the anhydrous compound. In other words, HOH indicates
the system's remaining energy after the energy redistribution has happened when chemical bonds
have broken and formed during hydration [19], [34], [55], [56]. It is typically denoted as kJ/mole,
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although the term mole cannot be used because OPC is a multi-component material. HOH can
either be estimated by calculation (see Table 2.3) or determined experimentally using an
isothermal calorimeter. The Portland cement hydration consists of five main steps that are the same
as those of alite hydration. The standard progress of OPC hydration in terms of the heat evolution
rate is demonstrated in Figure 2.2 [2], [29], [33], [35], [57].

Table 2.3 The heat of hydration of pure cement clinker minerals (Adapted From [2], [29], [33])
Heat of Hydration (J/g)
3 days
1 year Full Hydration

Cement
Compounds

Reaction Product

C3 S

C-S-H + CH

240

490

520

C2 S

C-S-H + CH

50

225

260

C3 A

C6AS̄3H32

880

1160

1670

C3 A

C4AS̄H12

N/A

N/A

1140

C4AF

C3(A, F)H6

290

375

420

Cement Heat Flow Rate
Stage1

Stage 2

Stage 3 & Stage 4

Stage 5

Heat Flow (mW/g of cement)

3.5

C3S
Hydration

3

C3A
Hydration

2.5
2
1.5
1
0.5
0
0.1

1

10
100
1000
Time (hours)
Figure 2.2 The heat evolution rate of Portland cement hydration. (Adapted from [2], [29], [33]).
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The HOH of cement is roughly the measured total amount of heat evolved by its
compounds. Table 2.3 demonstrates the amount of heat liberation in individual cement compounds
hydration at specific ages. Approximately 50% of the overall HOH is generated in the first three
days, and 70% is liberated within seven days [29], [35]. Intense heat release occurs within a couple
of minutes due to the quick hydration of C3A and C3S during the pre-induction stage. On the other
hand, the heat flow rate declines to a minimal level during the induction period. Later, the second
peak becomes visible within 8 to 17 hours of hydration owing to the C3S hydration, which produces
CH and C-S-H [29], [55], [58], [59]. Then the heat evolution slows down, and within a few days,
heat liberation drops to a relatively low level. For some cements, the shoulder after the second
peak, which is typically due to the renewed formation of ettringite (C3A hydration), can appear
during the deceleration period of the rate of heat evolution curve. These characteristics are shown
in Figure 2.2 [2], [29], [35], [42].

2.3 Supplementary Cementitious Materials
Around the world, scientists, engineers, and construction specialists are striving to develop
robust and durable concrete. Their main goal is to obtain better concrete, which has high strength,
workability, durability, and performance. Moreover, they aim to protect concrete from the adverse
effects of aggressive environmental conditions. Supplementary cementitious materials (SCMs),
such as fly ash, silica fume, metakaolin, and blast furnace slag, are incorporated purposely to help
obtain particular properties of concrete and mortar cement. Another objective of the SCMs
addition in the cement and concrete systems includes the economic benefits and environmental
concerns [13], [14], [29], [60]–[63]. Additionally, the use of SCMs saves energy and has ecological
impact due to reduced greenhouse gas emissions as a result of decreased ordinary Portland cement
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manufacturing. For concrete mixes, SCMs are also used to minimize cement content, enhance
workability, increase the sustainability of the concrete over a long period, maximize strength,
facilitating cost reduction of construction, and increase performance by hydraulic or pozzolanic
reaction with cement. The use in the concrete of these by-products not only prevents them from
being land-filled but also improves the properties of concrete in the fresh and hardened states [2],
[13], [14], [19], [23], [29], [35], [64], [65].
According to ACI Committee 116 and ASTM C125 the definition of pozzolan is "A
siliceous or siliceous and aluminous material, which in itself possesses little or no cementitious
value but will, in finely divided form and in the presence of moisture, chemically reacts with
calcium hydroxide at ordinary temperatures to form compounds possessing cementitious
properties" [29], [56], [64], [66], [67]. In other words, pozzolans are materials that, when mixed
with the calcium hydroxide components, yield cementitious properties. Most of the pozzolans
quickly react with calcium hydroxide (CH). They could be individually mixed and react with CH,
but when they are blended with cement, they react with the CH produced by the cement hydration
[2], [29], [35], [67]. Amorphous silicate, which is the main component of pozzolanic material, and
alumina react with CH. This pozzolan reaction with calcium hydroxide is called a "pozzolanic
reaction" and can be written as simple as [2], [29] :
Ca(OH)2 + SiO2 + H2O → Calcium Silicate Hydrates (C-S-H)

Eq. (2.10)

Ca(OH)2 + Al2O3 + H2O → Calcium Aluminate Hydrates (C-A-H)

Eq. (2.11)

Plus, aluminum can be integrated into the existing C-S-H. The C-A-S-H is a type of C-SH which has been replaced by aluminum (Al) and develops after the presence of aluminum ions
(Al3+) from OPC. Reactive Al3+ ions arise when additional cementing materials, such as slag and
fly ash, have been dissolved into the water [2], [19], [35], [68].
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Hydraulic cement or hydraulic cementitious materials harden and set by chemical reaction
with water, for instance, ordinary Portland cement (OPC), high-lime fly ashes (HLFA), and slag
are hydraulic cements [56], [66]. Nevertheless, the reactivity of hydraulic cementitious material is
comparatively lower than OPC, and they generally require activators to trigger and accelerate the
hydration [14], [19], [29]. They may be chemically activated by the addition of alkali hydroxides
(like calcium hydroxide, sodium hydroxide, and potassium hydroxide), by adding the sulfates (e.g.,
gypsum, hemihydrate, anhydrite), or more frequently by the additive of lime-producing materials
(such as lime or OPC). It could be noted that hydraulic cementitious materials can substitute OPC
up to a considerably greater extent than those exhibiting pozzolanic behavior [39], [64].
The Figure 2.3 represents the typical variability and composition for most widely used
categories of supplementary cementitious materials and OPC in the CaO–Al2O3–SiO2 ternary
diagram [10], [29], [64], [65].

Figure 2.3 Ternary diagram of the chemical composition of common SCMs and Portland cement
(Adapted from [10], [64], [69], [70])
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2.3.1 Silica Fume
Silica fume that also referred to as "condensed silica fume" and "micro silica" is a
byproduct of the production of elemental silicon and ferrosilicon alloys [56], [71]. Particles in the
silica fume are exceedingly small, with more than 95 percent of particles smaller than 1 micrometer
[13], [29]. Since its particles are remarkably fine, the surface area of the silica fume is vast. The
approximate surface area of particles from silica fume ranges between 15000 m2/kg and 30000
m2/kg [14], [29], [64], [72]. According to ASTM C1240, it has to contain more than 85% SiO2.
The chemical composition of silica fume is straightforward and typically contains more than 90%
of SiO2. The amount of other components, such as Fe2O3, K2O, Na2O, Al2O3, MgO, and CaO, are
usually less than 1%, so it practically has not so many variations in its chemical composition [2],
[19], [29], [35], [64], [71]. Since silica fume has extreme fineness, high surface area, and it has a
large amount of noncrystalline silica content, silica fume is a highly reactive pozzolanic material
[13], [14], [67].
Because of the silica fume's extreme fineness and high surface area, it has a filler effect.
Two main factors tend to contribute to the filler effect. First, if the material does not give a reaction,
the w/cm ratio is getting an increase, and it creates extra space for the hydration products of the
cement phases. Second, especially fine materials like silica fume, has been promoting hydration
rates due to their high surface area act as "nucleation sites" for the hydration products of the cement
compounds [13], [19], [63].
Silica fume influences cement hydration and the hardening process. The availability of
silica fume in OPC increases the hydration of calcium silicates [13], [14], [19], [67], [73]. It has
been observed that silica fume enhances tricalcium aluminate (C3A) hydration rate in some cases,
but generally, it delays C3A hydration due to "the electrostatic interaction" [74]. Furthermore, as
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the OPC starts to react chemically, it begins to release calcium hydroxide as a result of calcium
silicates hydration. The silica fume reacts with this calcium hydroxide to form additional binder
material called calcium silicate hydrate (C-S-H), which is quite similar to the form of OPC [13].
Moreover, it is observed that the calcium-ions concentration decreases rapidly when silica fume is
examined in pore solution concentration. At the same time, the hydroxide ions reduce too. Given
that silica fume lacks calcium content, it is highly efficient when it comes to the consumption of
calcium hydroxide (CH), which is a product of cement hydration [63], [67], [75], [76]. Similarly,
using the same levels of replacement, the calcium hydroxide amounts in the cement paste that
contains silica fume contents are relatively low compared to the paste contents in fly ash or slag.
When silica fume is used in concrete, it inclines to reduce bleeding and segregation [13],
[67]. Likewise, it increases the stickiness and cohesiveness of the fresh concrete mixture. Other
benefits associated with the utilization of silica fume in concrete include enhancing the resistance
of the concrete against corrosion, reducing the alkali-silica reactivity, lowering permeability to
chloride and water intrusion, and thus improving the concrete durability [14], [29], [64], [67],
[77]–[80]. Therefore, concrete's physical and chemical characteristics can be developed by silica
fume. Furthermore, silica fume contributes to the developing mechanical properties of mortar and
concrete. Mechanical features of hardened concrete, which are tensile strength, compressive
strength, flexural strength, torsional strength, modulus of elasticity, and toughness improve when
silica fume utilizes in the concrete and mortar [29], [63], [64], [72], [81]–[86]. It also develops the
early strength gain of concretes.
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2.3.2 Metakaolin
The term metakaolin is a combination of two words. The first term is "meta", which is a
prefix to denote change. The second term is "kaolin", which is a type of clay. In the production of
metakaolin, kaolin acts as the primary raw material. Metakaolin (Al2O3.2SiO2 or AS2) is a
dehydroxylated form of the clay mineral kaolinite [13], [14], [87]. Kaolin (Al2Si2O5(OH)4 or
Al2O3.2SiO2.2H2O) is a clay mineral that is phyllosilicate [14]. The production of metakaolin
involves the implementation of heat to dihydroxylation. This thermal activation of a mineral is
also referred to as "calcination". Heating dehydroxylation is an ongoing process and occurs in
many stages. In essence, dehydration is a reaction that results from the decomposition of kaolinite
to a disordered structure [14], [77]. The clay loses most of its water when the temperature is
between 100 ℃ and 200 ℃. After that, when the temperature is between 500 ℃ and 800 ℃,
heating kaolinite to such temperatures has an effect on its chemical structure and component [14],
[88]. Beyond the dehydroxylation temperature, kaolinite keeps the crystal structure in twodimensional order [13], [14]. This product is referred to as metakaolin (MK). The essential way
for producting MK for use as pozzolans or SCM is to reach complete dehydroxylation as close as
possible, without overheating [14], [89].
As cement is partly substituted with MK, it reacts with CH. This reaction result is extra CS-H gel and in conjunction with crystalline materials, which involve alumosilicate hydrates and
calcium aluminate hydrates (C2ASH8, C4AH13, and C3AH6). The metakaolin hydration reaction
depends on the type of cement, the Metakaolin/CH ratio, the amount of free water, and the
temperature at which the reaction will occur [14], [67], [90]–[94]. The chemical reactions are given
below, taken from the Murat's paper [91];
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AS 2 + 6CH + 9H

C4AH13 + 2C-S-H (AS2 /CH = 0.5)

Eq. (2.12)

AS 2 + 5CH + 3H

C3AH6 + 2C-S-H (AS2 / CH = 0.6)

Eq. (2.13)

AS 2 + 3CH + 6H

C2ASH8 + C-S-H (AS2 / CH =1)

Eq. (2.14)

The use of metakaolin in construction activities eliminates the problems that arise from the
use of Portland cement. Besides, the use of metakaolin results in high efficiency of cement
production. Metakaolin improves the compressive strength of mortar and concrete due to its filler
effect and pozzolanic reaction. Metakaolin particles are remarkably finer than OPC particles. It
creates extra space for the hydration products of the cement phases, so it accelerates cement
hydration [14]. Besides, metakaolin is a highly pozzolanic substance that has contributed to the
development of higher early strength concrete. On the other hand, several variables depend on the
strength of metakaolin concretes. The fineness of metakaolin particle size, quality of MK (time
and temperature influence of kaolin activation), and the approach of mixing design are some of
the well-known effects on the compressive strength of metakaolin concrete [13], [77], [93], [95].
Brooks and Johari investigated the effect of metakaolin on concrete. They found that
autogenous shrinkage decreased at an early age with the rise of metakaolin content; however, it
increased in the long-term with the raise of metakaolin quality [14], [96]. Moreover, according to
Wild et al., chemical shrinkage increased for additional MK content in concrete, and it reached a
maximum rate of around 15% MK. Then, it declined dramatically for higher metakaolin content.
Furthermore, MK inclusion minimized both the overall and the main creep of concrete, as well as
the drying shrinkage. Also, creep decreased at a higher substantial rate of MK in the concrete [13],
[89], [92]. On the other hand, the incorporation of metakaolin in cement paste led to the refinement
of the pore structure. Metakaolin content in the cement paste causes a reduction in the size of pores.
The admixture reduces the pore diameter and increases the number of micro-pores in the concrete
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material [97], [98]. Besides, the ability of metakaolin to reduce the expansion of concrete is
attributed to alkali reaction and external attacks from the sulfate [79], [99]. Moreover, on the
mortar and concrete samples researcher also tested the chloride ion migration, which gives
information about the resistivity of concrete against chloride penetration. From the experiment, it
is clear that the hydration phase reacts with the chloride ions from anodic solutions to form
"Friedel's salt" (Ca2Al(OH)6(Cl, OH)·2 H2O ). The salt has a chloride ion binding ability that can
block the chloride ions during the migration test of chloride [14], [98], [100], [101]. Thus,
metakaolin is more durable, has increased resistance to chemical attack, and reduces permeability
[102].

2.3.3 Fly Ash
Fly ash or pulverized fuel ash is one of the most commonly used pozzolans in the concrete
industry. Fly ash (FA), which is a by-product of thermal power generating stations, is obtained by
burning coal. The component is finely divided into the residue [56], [66], [103]. The physical and
chemical characteristics of FA and the type of fly ashes depend on many factors. Some of those
critical factors are type and mineralogical composition of coal and conditions of combustion [13],
[14], [29].
The particle size of fly ash is smaller than OPC. The fly ash particles are ordinarily
spherical and range from less than 1 µm to larger than 100 µm is size [29]. Fineness is one of the
most significant properties that contribute to the FA's pozzolanic reactivity. When the fineness of
FA decreases and the surface area increases, the pozzolanic reactivity rises, as they are regulated
by surface diffusion [13], [14], [104].
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Fly ash is classified according to ASTM C618 [103] into two classes as Class C and Class
F fly ashes. Fly ash majorly consists of silica, alumina, calcium content (such as lime), magnesia,
and various iron oxides. If the composition of FA contains at least 70% "silicon dioxide +
aluminum oxide + iron oxide", it is called Class F fly ash. On the other hand, compositions of
Class C ash contain more than 50 percent of these phases. Class F ashes are usually produced from
anthracite or bituminous coal; however, class C ashes are generally derived from lignite or
subbituminous coal [13], [14], [19], [29], [35], [67], [103]–[105]. Class C fly ashes almost always
have higher CaO content than class F ashes [64]. Furthermore, fly ashes consist of a mixture of
identifiable phases and a mixture of glassy particles. Generally, fly ashes have 50–85% amorphous
phases due to rapid cooling [13], [29]. Class C fly ashes contain more substantial amounts of
crystalline phases. Examples of major identifiable crystalline phases include mullite, quartz,
magnetite, and various iron oxides (such as hematite). Besides, class C fly ash may contain
anhydrite, alkali sulfates, periclase, melilite, belite, aluminate, and so on [14], [23], [67], [106].
Notably, high calcium FA has self-hardening properties due to some FA crystalline phases
reacting with water [14], [19], [35]. These hydration products, which are monosulfoaluminate,
ettringite, and calcium silicate hydrate (C-S-H), provide the hardening of FA [64]. On the other
hand, low calcium FA barely has self-cementing characteristics. Amorphous phases of FA give
reaction with CH, which is a by-product of the hydration of OPC, and alkalis in the OPC-FA
mixture [13], [14], [29]. Mainly, the degree of FA hydration enhances with more CH contribution
in the mix [107]. CH reacts with the noncrystalline alumina and silica in FA [14], [108]. These
reactions are fundamentally pozzolanic. The reaction of FA with OPC is influenced by the intrinsic
and external features of the FA, such as mineralogical and chemical structure, particle size, and
volume of amorphous content. Moreover, heat treatments and chemical admixtures influence the
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reactivity of pozzolans [14]. The pozzolanic reaction of FA with CH produces further C-S-H [64].
They are time-dependent reactions; however, they are the same properties as the products of OPC
hydration [13], [14]. Thus, this extra C-S-H improves concrete strength [23], [107].
Fly ash has many benefits when it is used in cement and concrete industries. First of all,
segregation and bleeding are greatly minimized by using FA in the concrete; thereby the
pumpability of concrete improves [13], [14], [29]. Fine and spherical particles of FA impact the
pastes and mortars rheological properties [13], [109]. These properties of FA considerably improve
workability, which reduces the amount of water needed in the mixture. For this reason, fly ash in
the fresh concrete mixture can be more appropriately placed, finished, and compacted than the
regular concrete mixture [13], [14], [29], [109]–[111].
Furthermore, hydration of OPC paste is followed by heat release, which increases the
concrete's temperature. Due to slower pozzolanic reactions, the partial substitution of cement by
fly ash results in heat release for a prolonged time, and the mixture temperature stays lower
gradually [23], [64], [67], [112]. This slow heat of hydration rate is particularly significant in the
mass concrete, where massive temperature changes will result in cracking [113]. This was
primarily used to regulate the increase in temperature in the mass concrete construction [14], [35],
[113]. In general, Class F fly ash is in the tendency to lower the rate of temperature change rather
than Class C fly ash [13], [29].
Moreover, the permeability of concrete is critical for the determination of the levels of
mass transport associated with the disruptive chemical activity [13], [29]. Besides, this has a vital
role in assessing the rate of improvement of the concrete degradation caused by the chemical attack
caused by sulfates, acids, chlorides, harsh environmental conditions, and organic agents [14]. The
concrete's permeability mainly depends on the dimension, distribution, and consistency of the
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concrete's hydrated paste pores. The degree of hydration and water to cement ratio essentially
influences the cement paste pore structure [13], [14]. Because of the development of pozzolanic
reaction products accompanying the cement hydration, it converts larger pores into smaller ones
[13]. Therefore, FA-OPC mixture decreases the permeability, so durability and resistance against
different modes of degradation are improved by fly ash [35], [114]. Thus, FA in the mix provides
more excellent protection to sulfate attack and corrosion [63], [115].
Fly ash's pozzolanic reactions have many features which influence of the concrete strength.
The pozzolanic reaction consumes lime, and the production of reaction may effectively fill and
subdivide pores [13]. However, the pozzolanic reaction is relatively slower than OPC hydration,
so the rate of concrete's strength improvement is slow [14], [29]. Type of FA and cement, the
composition of FA, the particle size of FA, replacement level of OPC with FA, curing conditions,
and temperature affect the strength improvement of fly ash concrete [13], [14], [29], [67], [114].
Notably, high calcium FA has self-hardening properties due to some FA crystalline phases give
reaction with water [67]. This hydration provides the strength on the FA concrete [13]. On the
other hand, low calcium FA barely has self-cementing characteristics. Amorphous phases of FA
give reaction with CH, which is a by-product of the hydration of OPC [13], [14]. Therefore, Class
F fly ashes do not display any pozzolanic meaningful reaction at early ages. Such fly ashes have
demonstrated petty slow levels of strength improvement [13], [29]. This may cause a decrease in
strength at an early ages; however, fly ash in concrete gains strength later ages [14]. On the other
hand, Class C fly ash will begin to contribute to strength improvement as early as after mixing,
due to its self-hardening and pozzolanic properties. It also helps to improve early strength
development in the fly ash concrete [13], [14], [35], [67].
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2.4 Ground Granulated Blast Furnace Slag
Ground granulated blast slag (GGBS) or ground granulated blast furnace slag (GGBFS)
comes from the manufacture of pig iron. GGBS is a secondary product of iron production [19],
[116]–[118]. The component forms of the agents including coke or fuel ash, iron ore, and limestone
added to the blast furnace [13]. The furnace was run at approximately 1500 ℃ [119]–[121]. When
components melt in the furnace, molten iron and slag are produced—molten slag forms in the
process of reducing the iron ore to iron [2], [120], [122]. This slag generally contains silica and
alumina, which come from main iron ore, and also it contains magnesia and lime that are from
limestone [2], [10], [14], [123]. Besides, there is a low amount of sulfur and manganese in the slag.
Its exact content varies, but silica (SiO2) and lime (CaO) are the most dominant phases [13], [121].
Furthermore, the molten slag becomes lighter, and it floats on the surface. After it forms,
the next step is to separate molten slag from liquid metal and cool it [13]. Ground granulated blast
furnace slag results from the molten slag quenched in water [66], [123]. Therefore, this method
produces a large amount of noncrystalline content, depending on the cooling levels [122]. The fast
cooling provides the small crystals, and granular slag contains 90% amorphous calciumaluminosilicates [121], [124]. Next, it is ground to obtain powder with the same fineness as
cement. The end product is named GGBS or simply slag [10], [13], [65]. In this case, it is classified
as inert hydraulic material. This means that GGBS has cementitious and pozzolanic properties
[10], [14], [64].
Slag can be used as weight-by-weight direct substitute for OPC. Slag substitution rates
range between 30% and 85% [13], [36]. Typically, slag is widely used 50% in many situations
[13]. Higher replacement rates are used in unique and advanced systems such as under the
aggressive environmental conditions and to minimize hydration heat [2], [10], [13], [29], [108].
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Since slag substitutes OPC, it can increase durability, workability, higher ultimate strength, and
provide cost-efficiency [2], [10], [13], [14], [35]. Slag-cement blended systems reduce CO2
emissions, save energy, and preserve natural sources. Thus, slag-cement blended systems improve
the sustainability and performance of concrete and reduce the carbon footprint [9]–[14], [29],
[121].

2.4.1 Physical, Mineralogical and Chemical Characteristics of Slag
Slag is a fine amorphous material. OPC specific gravity is higher than GGBS, but slag is
finer. The fineness and surface area of slag are significant factors impacting the degree of reaction
and concrete strength. GGBS particles, which size varies from 10 µm to 45 µm, lead to increased
strength of the mortar and concrete. Larger particles of GGBS have less to no activity. Therefore,
ASTM C989 [125] limits a particle size by more than 45 µm. Besides, the Blaine surface area of
GGBS ranges from 400 m2/kg to 600 m2/kg to ensure sufficient production of the mortar and
concrete strength [10], [13], [14], [29], [35], [36].
The GGBS has nearly whole glassy phases; for this reason, a small part of the slag has
crystalline phases. The crystalline phase of the slag consists of low-active minerals and the medium
of hydraulic. These small parts of the slag's crystalline phases are melilite, which is a solid solution
of gehlenite and akermanite, merwinite, calcite, quartz, rankinite, diopside, oldhamite, pseudowollastonite, and monticellite [10], [14], [29], [36], [121].
The slag consists of crystalline and glassy phases, which contain almost 90% amorphous
calcium-aluminosilicates. This glassy-amorphous phase controls the cementitious properties of
slag [36], [117]. Furthermore, GGBS is a nonmetallic material, and there is a large varying
chemical composition of the GGBS. Slag generally contains silica (25-40%) and alumina (6-25%),
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and also it contains magnesia (<18%) and lime (28-43%) [10], [19], [64], [125]. Besides, there is
a low amount of many components and oxide in the slag, such as sulfate or sulfide (<2.5%),
Mn2O3, TiO2, Na2O, K2O, etc. Meanwhile, the chemical components of slag are the same as OPC
but vary in proportions; however, silica (SiO2) and lime (CaO) are the most dominant phases [2],
[10], [13], [14], [29], [123], [125], [126].

2.4.1.1 Structure and Reactivity of Slags
The composition of glass slag as a silicate glass is addressed by taking into account vitreous
silica in which several Si-O-Si bonds are broken and neutralized with metal cations known as
structure modifiers. Tetrahedral silica (SiO4) is polymerized or isolated by the bridging of oxygen
(O) atoms. Besides, several positions in a slag glass of silicon (Si) are filled with other elements'
atoms, particularly aluminum (Al) [10], [14], [19], [116]. The principle of reactivity indicators is
focused on the role of the various oxides in forming a noncrystalline glass structure. It states that
the more simple composition extensively favors hydraulic activity [10], [19].
The slag's reactivity variations are primarily related to the chemical composition of slag,
the concentration of alkali in the blended cement-slag mixture system. Moreover, the fineness of
the cement and the slag, variations of temperature during the early age hydration process, and
temperature of ambient affect the reactivity of slag [13]. Last but not least, the slag's glass content,
which is related to the beginning of cooling temperature, and cooling procedure during slag
manufacturing, determine slag's reactivity. By the way, high glassy phases in slag's chemical
composition are microscopically more homogeneous than high crystalline phases in slag's
structures. In fact, slag's crystalline phases are in the tendency to more MgO and less Al2O3 content
than the amorphous phase [10], [14], [36], [116], [122], [127].
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Many hydraulic chemical modules have been described as indices of slag activity. The
reactivity of slag is usually assessed by empirical formulas (known as basicity ratios), hydraulic
moduli or indexes. Hydraulic moduli are typically associated with GGBS compressive strength.
The major oxides CaO (C), Al2O3 (A), SiO2 (S), and MgO (M) are part of the common modules
used for the hydraulic reactivity estimation for slags, or compressive strength in blended mortars
[10], [14], [117], [128], [129]. Ca, Mg, and Al are called networking-modifying elements, while
Si is a network-forming component [117]. The content of alumina, lime, and magnesia affect
strength positively, while silica has a negative impact [10].
Some of the most important well-known basicity index or hydraulic index formulae are
𝐶

𝐶+𝑀

𝑆

𝑆

𝑀1 = , 𝑀2 =

, and 𝑀3 =

𝐶+𝑀+𝐴
𝑆

[10], [128], [129]. The solubility and, therefore, the

reactivity of GGBS increase when M1 increases [10]. Moreover, EN 197-1 [130], [131] suggests
that M2 should be higher than 1 [129]. Finally, the index M3 is the most widely used [14]. As
specified in the slag's standard regulations, M3 must be more than 1 in Germany and it is more
than 1.4 in Japan [14], [117], [129].
All modules are convenient instruments for quickly assessing slag quality. However, the
following hydraulic index or moduli has been shown to define the hydraulic activity of one slag
form but does not necessarily describe the hydraulic index of each slag in general [10], [117].
Moreover, certain studies have shown that the module ratios in practice do not always match the
strength, especially at an early age. Since the slag is not limited to a particular composition, the
general validity of such hydraulic moduli was questioned. It is widely agreed that studies of the
slag glass structure will address the problem of slag reactivity [10], [117], [128], [129].
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2.4.2 Blended Slag– Cement Hydration
The reaction of the slag when it is mixed with cement is more complicated than simply
cement hydration. When only slag mixes with water, many major hydration compounds may not
be detected [19], [29], [116]. A thin layer of silica on the slag surface hydrates with a small amount
of lime (CaO) when water penetrates the slag. This hydrated thin layer avoids further interaction
between the slag with water and slag ionic dissolution. As a consequence, the hydration of the slag
terminates [29]. For sustained slag hydration, the slag is supplemented by alkaline or sulfate
activators. Thus, sulfates and alkalis activate the slags to produce hydrations. Alkali-activators,
which are alkali hydroxides and silicates such as potassium hydroxide, calcium hydroxide
(portlandite), sodium hydroxide, and sodium silicate, raise the alkalinity on the mixture (pH
exceeds 12) [29], [52]. Therefore, it avoids the development of non-permeable levels and promotes
the dissolution of ions, which contribute to the product of hydration [13], [14], [29]. Moreover,
calcium sulfates such as hemihydrate, anhydrite, and especially gypsum, attract Al(OH)4− and Ca2+
ions released from the slag into the pore solution. It results in the formation of ettringite rather than
C–S–H [14], [29], [52], [116].
Slag contains both sulfate and alkaline activators when blended with cement. Slag
hydration activators are CH from the hydration process of C3S (alite), NaOH and KOH which
derive from alkalis in the OPC, and hemihydrate and gypsum, which is found in the cement as a
retardant [13], [14], [29], [52], [116]. Therefore, slag reacts with the cement hydration products
and the cement components. These reactions also produce more pore-blocking hydrates. The
consequence is a blended cement-slag paste with more but smaller gel pores and less capillary
pores for the same average amount of the pore volume [13], [29], [116]. This better pore structure
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allows significantly less permeability of slag-cement concrete, which creates a huge improvement
in the durability of the whole structure [13].
The product of the hydration when slag is used with the cement is primarily the same
compared with those that had been obtained during the Portland cement hydration of the paste.
However, it is essential to note that there will be an additional hydrotalcite-like phase present
[117], [132]. The main product of the hydration is C-S-H. This particular product is, however,
under the complete influence of the slag used. This may show a slight variation for the cases of
the paste from Portland cement. The product has a relatively lower ratio of C/S as well as a high
content of the Al2O3 (A), which functions as a replacement of SiO2 (S) in the structural bridging
of tetrahedral dreierkette [132], [133]. The degree of the substitution is dependent on the C/S ratio,
which again follows the arrangement of the C-S-H and C-A-S-H. It is also influenced by the
amount of Al2O3, which is readily available for the processes of substitution [29], [117], [132].
2.4.3 Effects of Slag on the Properties of Concrete
The use of slag in concrete or paste and mortar has several effects. The effects of such
concretes will vary depending on the proportion and type of the slag used alongside other materials,
the procedure of mixing, placement, and held conditions.

2.4.3.1 Bleeding and Segregation
The concept of bleeding is a displacement of water to the surface of the concrete, which
has been recently placed [66]. Bleeding stops when either the flow of water is inhibited by
producing hydration contents or the solids that primarily come into contact with each other.
Bleeding results in the difference in the efficient water content of the whole concrete component,
resulting in corresponding changes in characteristics of the concrete [13], [14], [134]. Furthermore,
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segregation is termed as the non-uniform blend that causes the separation of the elements (typically
coarse aggregate) from the fresh concrete [29], [66]. Segregation and bleeding in concrete are
considered to be more determined by the particle size, surface area, and reactivity or composition
of the slag. Less bleeding can occur with the incorporation of finer and reactive slags to the
concrete mixture; on the other hand, the bleeding can be increased by slow reactive coarser slags
[14], [29], [118], [134]–[136]. Therefore, segregation and bleeding are relatively lowered when
slag is used as the admixture of the mineral concrete, thereby improving the concrete pumpability.
Also, it is due to the ratio of solids to liquids which increases, thereby making the concrete to be
less susceptible to segregation and the pumpability increase of the concrete.

2.4.3.2 Workability
Typically, slags have less density than ordinary Portland cement. Hence, the volume of
paste is increased for the given amount of water, and thus increases cohesiveness and plasticity of
fresh concrete either as part of the cement replacement component or addition to the concrete.
Besides, several other features of the slags would have an impact on the workability of the concrete
[29]. The influence of slags on concrete's workability is generally related to changes in the demand
for water on the concrete mixture. The surface area increase correlates to an increase in the
interparticle surface force and contributes to a greater cohesiveness of the blended system, which
typically implies less mobility. Therefore, the water content generally needs to be increased for
specific workability when even using fine SCMs [13], [29], [137]. Even though particles of slag
have angular form, their surface is smooth and hard. Therefore, the water demand of slag-cement
blended concrete is lower than regular cement concrete. As a result, workability is affected by the
proportion of slag in the mixture and the slag and cement particle size distributions [19], [29].
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Furthermore, some of the slag particles are known to be glassy in shape, as well as being spherical.
Such kinds of particles tend to allow for the greater workability for the ratio of w/c. This implies
that the ratio of w/c will be lowered or reduced during the operations. Based on the fact that slag
is finer compared to the cement paste, adding it to the concrete improves both particle parking and
surface smoothness, which, in turn, result in reduced water adsorption. Further, it also enhances
bleed capacity, particularly increasing the bleeding rate [2], [13], [14], [29], [118], [129], [137]–
[140].

2.4.3.3 Setting Time
The setting is known as a mortar or concrete state, which is beginning to lose its plasticity
[56], [66]. It differs from hardening representing a measurable strength condition. Hydration
occurs when the cement is in contact with water. Therefore, the hardening and setting are the
results of a continuous hydration process. The initial and final settings are the arbitrary aspects
where the mortar or concrete begins to stiffen and achieve considerable rigidity [14], [29], [139].
The importance of the first and last setting times indicates that the first gives the handling limit of
the fresh cement blended system (mixing, pouring, placement, and so on), and the second has
demonstrated to begin to a substantial strength gain [29], [118], [139]. Moreover, the parameters
that influence the setting time of cement-slag mixture are w/c ratio in the blended system, ambient
conditions, chemical and physicals properties of cement and slag (particle size, chemical
compositions, and so on), amount of slags in the mixture [2], [29], [134], [137], [139], [141]. In
general, the partial cement substitution with slag improves the setting time. It is possible to extend
the setting time to lower temperatures. Depending on the ambient conditions and the volume of
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the replacement, the final setting time would be considerably delayed [14], [29], [105], [134],
[137], [138].

2.4.3.4 Compressive Strength
The initial slag-water reaction rate is less than ordinary Portland cement-water reaction,
meaning that the slow reaction of slag with water can lead to a lower strength gain at the early ages
of concrete, which contains varying slag levels [14], [29]. Besides, it lowers the strength gain and
this delay may increase as the quantity of slag is increased. However, the slag concrete strength
level is close to the control of concrete strength within 7 to 28 days and moderately stronger than
that of later ages (This may not be true all the time, especially when the w/cm is lower [14]).
Further, there is a general improvement in the ultimate strength and the durability of the material.
Several factors can affect the development of compressive strength. Mineralogical, chemical
compositions and physical properties of slag and cement, the slag reactivity (slag activity index),
slag amount in the blended system, mixture design, and curing ambient conditions have an impact
on the strength [13], [14], [29], [140].
In ASTM C 989 slag is categorized into three major groups, namely; Grade 120, Grade
100, and Grade 80, based on the slag activity index (SAI). The SAI represents a proportion of the
compressive strength of 50:50 blended slag-cement mortar cubes to the compressive strength of
cement mortar cubes, at a given age [14], [29], [125]. Grade 120 has the highest slag activity index,
which is known to contain high comprehensive strength, especially after 7 to 28 days.
Nevertheless, Grade 80 GGBS has the lowest compressive strength at any age. It is mostly used in
mass structures as it produces less heat than OPC. Generally, Grade 100 and 120 slags are
commonly used in the blended cement-slag systems [29], [118].
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In the detailed research carried out by Oner and Akyuz [16] for the optimum use of slag in
the concrete mixture, the slag was mixed in varying quantities with various concentrations of
ordinary cement in four concrete groups. The volume of cement in the control samples increased
from 250 kg/m3 to 400 kg/m3. First, the mass of cement was lowered by 30%, and then the slag
was replaced in the concrete. The slag ratio was approximately between 15% and 60 % of overall
cementitious material mass. The slumps were stable at 120 ± 10 mm in all mixtures. The volume
of aggregates and water was also modified. Except for slag blended concretes with the lowest ratio
of slag, the rate of strength production of the concrete series was higher than those of the control
concrete at all ages from 7 days. The compressive strength increases proportionally by up to 50%
of the overall volume of slag in all cementitious contents. Nevertheless, over and above 50% of
slag blended concrete, the compressive strength declines, even though it is still stronger than the
control concrete samples. Moreover, the other significant aspect is that the development of strength
rate after 28 days in the slag mixed concretes are higher than in the control of concrete samples.
There was a more significant improvement in the strength gain of all slag blended concretes after
28 days, and this also improves with the rising slag volume [16], [29].
The researchers’ analyses on the substitution of partial cement with slag show that early
strength loss is balanced at and above seven days. The volume and fineness of the slag are mainly
affecting that compensation time. As the slag amount increase, the longer time required for
balancing the compressive strength, however increasing the fineness of the slag, will lead to shorter
times [13], [14], [16], [29], [111]–[119].
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2.4.3.5 Durability
The durability is known as the capability to exist in the long-term without significant
corruption, by resisting the ambient conditions that lead to a disruption in the material properties.
Besides, the durability and service life are commonly regarded as related concepts. Considering
such description, concrete durability is distinguished as being able to resist environmental
conditions, corrosion, chemical attacks, or several other degeneration processes [2], [35], [56],
[118], [149]. Numerous scholars have researched the concrete durability containing slag-cement
under aggressive environmental conditions. Therefore, the durability of concrete is essential not
only from a technical and economic viewpoint but also from an ecological perspective; long-term
service life materials mean more natural resource conservation [13], [14], [29], [146], [150], [151].
Concrete must have sufficient strength and air induction to provide corrosion resistance
during the freezing and thawing cycle. For this reason, proper air content and adequate air spacing
are essential to provide sufficient protection against frost and thawing. Also, concrete must have
good compressive strength and be adequately cured [2], [14]. Many experiments on the impact of
slag on freezing and thawing resistance in water have comparable findings on OPC concretes, both
of which are sufficiently air entrained [13], [14], [29]. The level of GGBS also impacts the
concrete's frost-thawing resistance. The tolerance of freezing and thawing was the high agreement
in 50% slag-cement blended concrete with convenient air-containing agents’ comparison to
cement-based concrete [14], [122], [152]. Researchers conducted an air-entrained concrete
experiment with the GGBS and without GGBS for the resistance of freezing-thaw cycle durability.
The samples were stored in lime-saturated water at 23 ℃ for 14 days and tested according to
ASTM C666 [153] using Method A for 300 cycles. The concrete made from GGBS did not work
as well as OPC concrete, but all of them had a reasonable level of durability [122].
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The creep is the concrete deformation is due to long-term steady stress applied to hardened
concrete [56]. Separately, internal water evaporation in the concrete causes drying shrinkage in the
concrete. Owing to the chemical and physical properties variations in slag and cement, testing
techniques used in analysis and curing conditions affect the creep and drying shrinkage [14].
Therefore, drying shrinkage and creep are essential time-related features of concrete [2], [13], [56].
Researchers tested three high-performance concrete mixtures for drying shrinkage and creep [154].
Sample A had 100 percent OPC, while sample B had 30% slag, and specimen C had 30% slag +
10% silica fume substitution by mass. All the other blending variables remained constant. The
shrinkage and creep experiments were carried out 180 days at 20±3 ℃. Furthermore, the creep
was applied, loading continuously to 40% of their 28-day compressive strength of concrete
specimens for 180 days. Researchers observed that the rate of creep, creep strain, and drying
shrinkage was significantly smaller in slag incorporated concretes than control concrete samples.
They concluded that high strength and workability could be reached by using slag with OPC. Slag
can reasonably increase ion and reactivity in cement, promote C-S-H gel, and improve AFt
hydration in the cement paste. These are provided a more robust structure and durability to applied
forces [13], [29], [154].
The addition of GGBS to concrete enhances its resistance to chloride diffusion, particularly
in later ages. It is quite useful to preserve structural steel against corrosion owing to the penetration
of chloride [155]. One cause for the declined chloride penetration is the decreased permeability of
slag-containing concrete. Besides, the chemical resistance of GGBS in concrete is another factor.
The chloride reaction with blended slag-cement hydration products improves the chloride binding
ability of the concrete. Its corrosion resistance efficiency is, therefore, very strong with high slag
content in concrete [14], [35], [129], [155], [156]. Researchers [157] determined the chloride
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binding ability of cement-slag paste specimens containing 100% cement as a control sample and
mixtures of cement with varying amounts of slag (33.3%, 50%, and 66.7% ). The ratio of w/cm
was held at 0.55. They stated that chloride binding ability was increased with increasing slag
content for any levels of Cl-. At 66.7% slag-cement mixture, the chloride binding capacity was
approximately five times higher than the control sample in 5 mol/liter chloride exposure levels. In
addition, the binding capacity for any slag-cement samples was enhanced as the concentration of
chloride increased. Finally, they reported that the ratio of Cl-/OH- was directly proportional to the
capacity of chloride binding [13], [157].
Alkali aggregate reactivity (AAR) is typically known as the chemical reactions between
different aggregates components of mortar or concrete and alkalis (sodium and potassium) in the
cement and other sources (such as supplementary cementitious materials). If reactive amorphous
silica in aggregates is involved in the reaction, it is referred to as alkali-silica reactivity (ASR)
[56], [66], [158]–[160]. The reaction of ASR is like the reaction of pozzolanic, which is a
straightforward acid-base reaction between portlandite (Ca (OH)2) and silicic acid (Si (OH)4) [13].
The siliceous aggregate reacts with the alkaline solution (Na+, K+, or Ca2+) to turn the mixture
into a viscous alkali silicate gel. Water in the concrete pore includes all these alkalis solutions;
concentrations of alkalis depend on the chemical compositions of cement. Using cementcontaining high alkali increases the pH level of the system. Higher solubility and dissolution of
amorphous silica represent an increasing of pH level [2], [29], [35]. The product of the alkali-silica
gel reaction can cause a cracking and unusual expansion in the mortar and concrete. This gel is
capable of unrestricted moisture absorption. The expansion of volume induces internal stress,
which triggers the cement aggregate matrix cracks as it reaches the limit of tensile strength. The
local cracks occur. After these cracks interconnect with each other, finally, the concrete inevitably
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fails [13], [29], [158], [161]. The researcher tested possible AAR for blended OPC and GGBS
using ASTM C227 [162]. A highly reactive aggregate component (Pyrex) was used in this mixture.
The study concluded that the partial substitution of high-alkali OPC with GGBS significantly
decreases the risk of AAR in concrete [35], [122]. In handling the ASR reaction, slag is extremely
useful because slag decreases concrete alkalinity and the alkali/silica ratio [14], [36], [147].
Besides, slag decreases concrete alkaline mobility and lowers the free lime (CaO) in the concrete,
which is a significant element in the ASR [2], [13], [105].

2.5 Sulfate Optimization
The term "sulfate optimization" is typically slightly relative and thus difficult to describe.
Volume stability and strength are commonly considered as two parameters for the determination
of the optimal sulfate level. The parameters that influence the optimum sulfate content of the
mixture are the source of the sulfate, the solubility of the sulfate, the mineral and chemical
compositions of the cement, the cement fineness, the mixture age, w/c ratio, curing temperature,
the type of SCMs, and the chemical admixtures [19], [20], [48], [163], [164]. Optimum SO3 level
for one mixture is most likely not to be usable for another blended system.
Researchers and scientists have been using ASTM C563 [164] to determine the optimal
level of SO3. There are, however, some discrepancies between this approach and the use of cement
in the field. The ASTM sulfate optimization experiments are carried out with cement paste or
mortar. No chemical or mineral admixtures are used during tests, although they are frequently used
in concrete. The ASTM experiments are conducted at 23 ℃, which does not represent several field
conditions.
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Lerch [20] investigated the first most comprehensive research on sulfate optimization of
cement paste and mortar. Researcher optimized sulfate content of cement-based on compressive
strength, the heat of hydration (HOH), and length change of mortar bars stored in water. As
detected by Lerch [20], there are many certain factors affecting sulfate demand on cement and
cementitious system. Tricalcium aluminate (C3A), fineness, and alkalis are the most well-known
factors on the sulfate demand for cement. Lerch has been a pioneer and inspired many studies on
sulfate optimization of cement and cementitious systems. Therefore, Lerch's work [20] is the
cornerstone of these ASTM standards and is still the most important study of optimal amount of
sulfate. Although the factors influencing the optimum level of SO3 have been well established
since Lerch's study [20], the concrete industry has not adopted any numerical models to calculate
the optimum sulfate level. The complication, changeability, and lack of basic knowledge of the
cement hydration mechanisms lead to mechanistic approaches for optimum SO3 level
determination by measuring strength, total heat of hydration, and volume stability [19], [23], [24],
[164].

2.5.1 Sulfates
The task of SO2−
4 (sulfate) in calcium sulfates is to regulate the hydration of aluminate. The
uncontrolled reaction of aluminate triggers the "flash set" [2], [19], [23], [39], [163]. The quantity
of C3A hydrated within the first minutes of hydration is sensitive to the amount of sulfate and the
form of sulfate used in cement [20], [163], [165]–[167]. Alternative sulfate forms have
demonstrated a substantial impact on cement performance. The several performances are linked to
the sulfate solubility. The solubility of sulfate depends upon both the type and the size of the
particle. The effect of sulfate form on the optimum sulfate level is influenced by the solubility
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rates. Thus, higher solubility leads to reduce optimum sulfate concentrations in the system [165],
[166], [168]–[171].
The particle size distribution effect was illustrated by the intergrinding of gypsum versus
separate blending of gypsum experiments. The intergrinding of gypsum in the cement displays
better paste characteristics and decreased rate of C3A hydration for up to 24 hours and manages
the early C3A hydration efficiently. Better distribution of particles leads to a faster supply of
2+
SO2−
4 and Ca to the C3A hydrating surfaces [23], [163], [165], [166], [168]–[171].

Several forms of sulfate can be found in the OPC in a variety of ways: Several forms of
sulfate can be found in the OPC in various ways: existing in the clinker, directly applied to the
finishing mill, and/or transferred from one form to another due to high temperatures or variations
in dew points. Calcium sulfate is typically supplied with additives into the finishing mill.
Impurities mostly associated with grade calcium sulfate's processing sources may also affect early
reactions, setting behaviors, and stiffening [20], [23], [48], [163], [165], [166], [168], [169].
Calcium sulfate dihydrate or gypsum (CaSO4•2H2O) naturally occurs in earth crust and
artificial source materials developed as by-products of other industrial sectors, including flue gas
desulfurization (FGD) [23], [163], [166], [169], [172]. Calcium sulfate hemihydrate
1

(CaSO4• 2 H2O), commonly known as bassanite or plaster of paris, it is naturally found or formed
by heating gypsum. The type of calcium sulfate hemihydrate depends on the preparation
techniques. The α form of hemihydrate can be generated with gypsum under autoclave conditions
at 200 °C in the presence of water. The β type begins to form at 40 °C in open boilers and ovens.
It is generally known as bassanite or plaster of paris. Besides, it commonly occurs in the OPC. The
surface area of the β is larger than the α type [23], [163], [166], [171]–[173].
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Calcium sulfate III or soluble anhydrite (CaSO4 (III)) is formed under the same
circumstances as the β type of the hemihydrate, but it is formed at 200 °C. Calcium sulfate (III) is
structurally similar to the hemihydrate and can effectively convert water molecules into
subhydrates under atmospheric conditions. Relative humidity and material temperature must be
controlled; otherwise, it can convert into hemihydrate in a matter of hours [165], [174], [175].
Moreover, calcium sulfate II or insoluble anhydrite (CaSO4 (II)) is formed by heating either of the
phases mentioned earlier at 500 °C to 900 °C for approximately one hour. Calcium sulfate (II) has
a denser structure. Thus, there is no space for extra water molecules. This is in contrast with
calcium sulfate (III), which is very similar to the form of β hemihydrate. On the other side, CaSO4
(I) is not generally contained in cement because it demands more than 1200 °C [19], [23], [168],
[174], [175].
Changes in the sulfate form are typically found in cement mills. The gypsum's dehydration
to hemihydrate forms to anhydrite types occurs as a result of temperature rise [23], [168], [176],
1

[177]. CaSO4•2H2O → CaSO4• 2 H2O → CaSO4 (III) → CaSO4 (II) → CaSO4 (I)
CaSO4 (III) and hemihydrate are relatively more soluble than calcium sulfate dihydrate
[23], [163], [166], [175]. Nevertheless, using reactive soluble SO2−
4 sources, such as CaSO4 (III)
and hemihydrate, are initially beneficial but do not have a long-term retardant effect if the physical
distribution is not proper. Due to its high solubility, the hemihydrate is suitable for high-aluminate
cements, although CaSO4 (III) could cause many issues, such as early stiffening and high demand
for water. On the other hand, low aluminate cements tend to react favorably to a wide variety of
sulfate sources, including CaSO4 (III), as set-control agents. Too much CaSO4 is inappropriate as
a primary set retarder since it is so slowly dissolved in water [19], [23], [163], [165], [166], [175],
[178].
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2.5.2 Alkalis
Alkali accelerates both C3S and C3A hydration, while later silicate hydration slows down.
The hydration of C3A in high-alkali OPC was roughly double that in low-alkali OPC at 24 hours
[163], [166], [179]. Lerch [20] points out that since some of the alkalis in OPC are found in the
C3A phases, these phases have a quicker reaction than comparable non-alkali or low-alkali phases.
OPCs with alkalis require more gypsum than them for convenient retardation time. Tang [166]
states that high concentrations of soluble alkalis, that cement has more than one percent of
Na2Oeq, demand additional gypsum due to the alkalis' accelerating effect on the aluminate
hydration. On the other hand, the original cement sulfate content can be adequate and demand less
gypsum since alkalis in the clinker are mostly in alkali sulfate form. They are also more effective
than calcium sulfates in retarding the aluminate hydration [20], [23], [163], [165], [166], [179]–
[181].
Alkalis typically improve the early cement strength; however, they reduce later cement
strength. This could be linked to the accelerated aluminate hydration, leading to quicker SO3
consumption and an improved conversion process from ettringite to C3A solid solution sequence
[163], [165], [166]. Besides, alkalis can influence gypsum and calcium hydroxide solubility.
Higher alkali content result in more calcium hydroxide and the relatively lower gypsum
concentration both remain saturated in the pore solution. The higher the alkali content, the higher
the content of sulfate in the solution [20], [23], [182], [183].
Some of the high alkali-low sulfate Portland cements can have an HOH curve similar to a
properly retarded and hydrated cement curve, but further experiments with higher sulfate contents
demonstrate that they are not properly hydrated [20]. High alkali Portland cements need higher
volumes of gypsum for similar hydration rates. Higher alkali Portland cements are also able to
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withstand higher sulfate levels without unnecessary expansion [163], [166]. While low-aluminate
cements are relatively less sensitive to the alkali effects, Lerch [20] pointed that a higher proportion
of gypsum is needed for cements with low-aluminate and high in sodium oxide for appropriate
retardation than cements high in potassium oxide.
Increasing the alkalis in the cement typically improves the early strength and decreases
late strength. They work as a catalyst for the hydration of calcium silicates and C3A. However, this
impact on strength is reduced above the ideal amount of sulfate. Na2O demonstrates shorter setting
times, while K2O is indifferent. It also adversely impacts 28-day strength more than K2O. The
adverse impact on 28-day strength and improved 1-day strength have been correlated with
increased C3A consumption [19], [20], [23], [163], [165], [166], [179]–[181].

2.5.3 Slag and Supplementary Cementitious Materials
The interesting fact is that very little research has been conducted to investigate the impact
of slag on sulfate optimization and sulfate interactions. The main explanation that slag has affected
the SO3 level is the aluminate, alkalis, and free-lime frequently present in high alumina slagcement system. Kocaba [10] investigated the effects of slag on the cement clinkers and blended
cement system. The researcher found that the use of slag significantly improved the hydration of
ferrite. On the other side, slag with a high alumina and alkali content is more reactive than the rest
of the slags and has increased the hydration rate [10], [184].
The addition of limestone and calcium sulfate to the high-alumina slag increases the
consistency and quality of mortar and concrete. Researchers [9], [126] aim to show different results
from applying sulfates and limestone on stabilizing ettringite in the high-alumina slag. While
ettringite remains stable in the high-alumina slag after sulfates addition, the addition of lime can
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produce hemi-or mono-carboaluminate. Despite the fact that hemi-or mono-carboaluminate would
ultimately transform to ettringite, the external sulfate attack would have been considerably
delayed. The researchers found that the cement's and slag's sulfate content impacts sulfate
durability by a 50% substitution for high-alumina slags. The sulfate durability of the slag blending
systems was greatly affected by the sulfate to alumina ratio of the slag and OPC. [9], [126], [185]–
[187].
Even though there was no specific standard to determine sulfate optimization in blended
cement systems, the researcher also used compressive strength test and isothermal calorimetry to
determine sulfate demand on fly ash-OPC systems in his dissertation and paper [23], [24]. The
researcher demonstrated that fly ashes increase in optimum sulfate demand on the OPC-fly ash
system. The researcher examined in detail the effect of sulfate optimization on the OPC-fly ash
system, which not only depends on the physical properties of fly ash, like particle size but also
depends on the chemical properties of fly ash [23], [24].
Zhu et al. [188] demonstrated SO3 optimization for limestone cements and an OPC with
two unique sources of clay. The impact on many factors, including replacement level of clay and
source of clay, on the optimum SO3 content of the blended system, was addressed. Researchers
used isothermal calorimetry to measure the HOH at 23 ℃. Researchers determined that SO3
optimization in the blended system depended on the clay sources, the chemical composition of
clay used, and types of cement. Besides, the optimum SO3/Al2O3 ratio rises with time for all
blended systems. They recommended that particle size distribution and mineralogical composition
of clay may affect sulfate optimization [188].
Mei-zhu et al. [22] carried out experiments to check the impacts of SO3 content and types
of gypsum content on the strengths and fluidity of different types of cementitious materials or
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systems. Such results have indicated that the gypsum influences cementitious materials differently
from one compound element to another. The findings have shown that the synergistic effects and
combined effects of fly ash and slag play a crucial role during hydration processes. In the
cementitious materials with only 45% of the clinkers, 5% limestone, 30% slag, and 20% fly ash,
the content of optimized SO3 in the calcined gypsum and gypsum itself are 3.51% and 3.13%,
respectively. This is translated to the optimum content of the gypsum as 6.5% [22].

2.5.4 Fineness and Age
The fineness or particle size of the OPC and SCMs is also an essential factor for
determining the optimum amount of SO3 in the mixture [20], [23]. The fineness of cement and
SCMs affects the rate of hydration. Increased surface area enhances the solubility and hydration
rate [2], [19], [189]–[191]. Besides, since surface area increases due to fineness increase, C3A
reactivity increases; as the reactive of C3A increases, an additional SO3 compound will be required
to control the hydration [19], [20], [23], [163].
Age is one of the parameters that determine the optimum SO3 level. The later the strength
measurements, the higher the SO3 content in the samples, the higher the strength [164], [192]. The
optimum sulfate level increases with age, likely since more C-S-H volume can accommodate,
requiring more ettringite to reduce porosity. The shifts in the optimum SO3 level duration between
one-day and three-days are significant, and it appears that sulfate level rises after seven-days but
by much less amount. These shifts increased with the levels of the aluminate and alkali content in
OPC [20], [23], [163], [164], [166], [192].
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Chapter 3: Materials and Methodology
This section introduces detailed information on the materials used, the methods used, and
the experiments carried out during this research. All methods and experimental procedures
followed the ASTM standards referred to in this chapter. However, some standard mixing designs
have been modified for consistency during the testing. These modifications have been presented
in the following chapter.

3.1 Materials Characterization
3.1.1 Chemical oxide composition
Slags were chosen depending on the contents of alumina (Al2O3). Two blast furnace slags,
which contain low and high alumina contents, and four ordinary Portland cements (OPC), which
are varied from chemical, mineralogical composition, and fineness, were selected for this research.
Calcium sulfate hemihydrate (CaSO4•

1
2

H2O) was used for increasing sulfate content in the slag-

cement system. The proportion of calcium sulfate hemihydrate was replaced as cement by mass.
The chemical oxide compositions of the slags, hemihydrate, and cements were carried out
by using X-ray fluorescence spectroscopy (XRF), according to ASTM C114 and ASTM C989
[125], [193] (Table 3.1 and Table 3.2). In accordance with ASTM C1365 [194], the mineralogical
composition of the cements and slag were determined by using X-ray diffraction (XRD). Before
XRD measurements, cements and slags were ground in a McCrone Micronising Mill for 10
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minutes with the addition of approximately 2 ml of ethanol (200 proof) for each gram of cement
or slag samples to a particle size less than 10 µm. The samples dried at 40 ± 1 ℃ in the oven [195].
It was known that at 40 ℃ ground cement oven drying has no phase shifting impact on gypsum
due to temperature because the transformation of gypsum to hemihydrate or anhydrate be formed
at higher temperatures [196], [197].

Table 3.1 Oxide chemical compositions for cements and calcium sulfate hemihydrate
Cement A Cement B Cement C Cement D Hemihydrate
Analyze
(wt %)
(wt %)
(wt %)
(wt %)
(wt %)
SiO2

21.20

20.10

19.00

18.80

<0.01

Al2O3

5.15

5.60

5.90

5.70

<0.01

Fe2O3

3.61

2.00

2.80

2.50

0.01

CaO

63.91

64.40

60.80

61.00

38.70

MgO

0.70

0.90

2.50

2.70

<0.01

SO3

2.61

3.60

4.00

4.20

55.34

Na2O

0.14

0.08

0.32

0.30

0.02

K2O

0.31

0.47

1.10

1.02

<0.01

TiO2

0.29

0.18

0.26

0.25

<0.01

P2O5

0.15

0.33

0.26

0.25

<0.01

Mn2O3

0.03

0.03

0.11

0.09

<0.01

SrO

0.06

0.07

0.28

0.27

0.02

Cr2O3

0.02

0.01

0.01

<0.01

<0.01

ZnO

0.06

0.03

0.07

0.06

<0.01

L.O.I (950 ℃)

1.66

1.80

2.40

2.90

6.24

Total

99.89

99.56

99.82

100.00

100.34

Na2Oeq

0.35

0.39

1.05

0.97

-
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Table 3.2 Oxide chemical composition of slags
Analyze

Slag1 (wt %)

Slag4 (wt %)

SiO2

38.59

32.86

Al2O3

8.09

16.29

Fe2O3

0.51

0.36

CaO

38.11

37.98

MgO

10.83

8.88

Sulfide S

0.89

0.95

Sulfate as SO3

0

0.23

Na2O

0.30

0.37

K2O

0.38

0.44

TiO2

0.37

1.21

P2O5

<0.01

<0.01

Mn2O3

0.59

0.25

SrO

0.05

0.10

Cr2O3

<0.01

<0.01

ZnO

<0.01

<0.01

BaO

0.03

0.08

L.O.I (950 ℃)

1.15

0.40

Total

99.89

100.41

Na2Oeq

0.55

0.66

3.1.2 Mineralogical composition
XRD measurements were performed using the PANalytical diffractometer via X'Celerator
Scientific detector and Cu-Kα X-ray radiation. Voltage and current were fixed to 45 kV and 40
mA. The scans were collected in the range of 4–70° 2θ, with a step size of 0.0167° and a counting
time per step of 130.2 mm. In addition, anti-scatter slits and five millimeters divergent were used
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in the auto mode. The back-loading method was used for specimens loading in the sample holder.
Phase identification of specimens was determined by using HighScore Plus 4.5 software. The
external standard method was used to identify unidentified amorphous content for each specimen
through Rietveld refinement [198]–[201]. The mineralogical composition of cements and slags is
presented in Table 3.3 and Table 3.4.

Table 3.3 Mineralogical composition of cements
Phases
Cement A (wt %) Cement B (wt %)

Cement C (wt %)

Cement D (wt %)

Alite

48.08

54.03

48.11

49.52

Belite

23.13

17.28

15.60

13.40

Aluminate

5.54

8.36

8.29

8.09

Ferrite

9.89

5.56

7.56

6.76

Syngenite

0.72

0.43

0.86

0.70

Quartz

0.14

0.07

0.20

0.28

Calcite

1.17

0.35

1.62

1.84

Anhydrite

0.02

0.07

0.00

0.03

Hemihydrate

1.55

1.41

1.74

2.95

Gypsum

2.61

4.34

3.78

2.22

Portlandite

0.00

0.18

0.22

0.24

Aphthitalite

0.00

0.17

0.54

0.44

Periclase

0.00

0.00

1.33

1.33

Dolomite

0.00

0.00

1.28

1.82

Amorphous

7.16

7.75

9.06

10.49
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Table 3.4 Mineralogical composition of the slags
Phases
Slag1 (wt %)

Slag4 (wt %)

Calcite

0.68

0.28

Melilite

0.46

0.73

Amorphous

98.86

98.99

3.1.3 Fineness
The Blaine fineness of the slags and cements were measured following ASTM C204-16
[202]. Particle size distribution (PSD) of as-received dry materials powders were measured via
Horiba LA-950 particle size analyzer [203]. The refractive index of 1.7-1.0i was selected for the
diffraction measurements of cement particles based on "Certification of SRM 114q: Part II
(Particle size distribution) and NIST Special Publication 260-166". The PSD measurements were
performed in the auto mode using tiny nozzle at 0.3 MPa air pressure. The same test repeats three
times were conducted all cements and slags. The results are represent in the Table 3.5.

Table 3.5 Particle size analysis for the slags and cements
Physical properties of
Cement A Cement B Cement C
cements and slags
Blaine Fineness,

Cement D

Slag1 Slag4

485

474

436

571

652

466

12.3

13.8

16.5

10.3

9.2

11.8

10.0

11.5

12.6

9.1

7.8

10.0

D10 (µm)

2.0

2.7

2.7

2.1

1.0

1.6

D50 (µm)

10.0

11.5

12.6

9.1

7.8

10.0

D90 (µm)

25.0

27.6

35.3

19.6

18.8

23.7

(m²/kg)
Mean particle size (μm)
Median particle size
(μm)
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3.2 Methodology
Optimization of SO3 content is typically conducted for paste or mortar systems using
compressive strength testing and isothermal calorimetry for quality control. The objective of these
procedures is to ensure adequate strength and set properties by controlling the time of occurrence
of the aluminate peak by adjusting the SO3 content by incremental addition of sulfate in the form
of hemihydrate at four or more levels, at the same time as attempting to maximize either strength
or heat of hydration. A single replacement level of 50% by mass of slag was used, and the
proportion of calcium sulfate hemihydrate was replaced as cement by mass. Their optimum SO3
was determined according to ASTM C563 [204] using both isothermal calorimetry and
compressive strength measurements at the age of 1 day and 3 days.

3.2.1 Compressive strength
Compressive strength of 2 in x 2 in mortar cubes was tested in accordance with the ASTM
C109 [28]. For each varying particular sulfate levels, six mortars cubes were prepared according
to ASTM C109, C305, and C511 [28], [205], [206], for compressive strength tests. To mixture
proportion and consistency of cement, slag, sand, and hemihydrate with water were used according
to ASTM 109C and ASTM C563. Furthermore, ASTM C305 and C511 were used for determining
the mortar mixture. The water to cementitious ratio (w/cm) of samples was 0.485 following ASTM
C109, and samples were prepared and molded at 23±2 ℃. The mixing procedure of compressive
strength is presented in Table 3.6.
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Table 3.6 Mixing procedure for compressive test
Mixing Procedure
Add Water and Calcium Hemihydrate to the mixer

Time
-

Start a timer and operate the mixer on low speed (140 ± 5 rpm) for 20 sec

0:00-0:20

Stop the mixer and add cement-slag mixture to the mixer for 10 sec

0:20-0:30

Start the mixer and operate the mixer on low speed (140 ± 5 rpm) for 30 sec

0:30-1:00

Stop the mixer, change speed of the mixer to medium (285 ± 10 rpm) speed
and mix 30 sec
Stop the mixer, scrape down bowl first 15 sec and cover the bowl with the
lid
Start the mixer again on medium speed (285 ± 10 rpm) and mix for 60 sec

1:00-1:30

1:30-3:00
3:00-4:00

Following the completion of molding, samples were placed into moist closet for 24 hours.
After the end of 24 hours, the rest of the samples were kept in saturated lime water storage
containers until the experiment time. Mortar cubes were tested after one day and three days
according to the ASTM C109. The results of compression tests also evaluated according to ASTM
C109. After all these compression test results satisfied with ASTM C109 standard range, optimum
sulfate level estimated by using Gaussian distribution and second-order polynomial. The
researcher assumed that the sulfate optimization peak was symmetric; hence Gaussian distribution
was used for fitting to compression and isothermal calorimetry test results.

3.2.2 Isothermal calorimetry
The parallel test was conducted using isothermal calorimetry to determine the heat of
hydration at 23 ℃. For the measuring heat of hydration of samples, the researcher used TAM AIR
3-channel isothermal conduction calorimetry manufactured by TA Instruments. Ottawa sand was
used as reference material in the isothermal calorimetry. Mass of the sand matched with the heat
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capacity of cement-slag paste [207]. Calibration of calorimetry was conducted with the instrument
specifications. Each channel of calorimetry was cautiously calibrated, and the baseline of
calorimetry stabilized at ±10 μW before running experiments.
Cement-slag samples were prepared and tested following ASTM C1702 Method B [208],
external mixing. Before starting the isothermal experiment, cement, slag, calcium sulfate
hemihydrate, and distilled water were preconditioned at 23 ℃. First, cement, slag, and
hemihydrate were dry mixed manually inside the glass vial. At the time of mixing, the distilled
water was added to the cement-slag-hemihydrate and manual mixing over 60 seconds with a hand
mixer inside the glass vial. Afterward, the vial was immediately sealed and placed into the
calorimetry cell. The data logging was quickly started putting the vial into the calorimeter.
Specimens for calorimetry were weighed 40g. All calorimetry experiment results were
normalized by the solid mass of the mixture [23], [24]. Because of the initial reaction of cementslag solid mixtures with water, to specify heats of hydration on the paste, the measured data were
considered after 90 min. This notion associate with the "traditional maturity method where the
temperature history before set is excluded from the evaluation" [27], [209].
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Chapter 4: Results and Discussion
4.1 Determination of Optimum SO3 content
The determination of optimum SO3 content in this research has been made considering the
chemical and physical characteristics of these materials. Table 3.1 shows the oxide chemical
composition of the materials used in the current study. Cement C has the highest Al 2O3 content
and Cement A has the lowest Al2O3 content than other cements. On the other hand, cement A has
the greatest Fe2O3 content, and cement B has the least Fe2O3 content than others. The sulfate
content, expressed as SO3, shows the difference among the cements studied here. Cement D has
the highest SO3 content, followed by cement C, cement B, and cement A in decreasing order.
Furthermore, cement C and D have higher alkali content than cement A and B, although cement
A and B have greater CaO and SiO2 content than cement C and D. Cement A and B are the same
Blaine fineness (see Table 3.5). However, cement B has higher alite (C3S), aluminate (C3A), and
gypsum content than cement A (see Table 3.3). Moreover, cement A has the lowest C3A content
than others, which are almost the same level. Cement B has the highest gypsum content pursued
by cement C, cement A, and cement D in a declined order. Cement C and cement D have almost
the same mineralogical and chemical composition. However, cement D has most fineness and
highest hemihydrate contents others than which are almost the same levels. Moreover, Slag4 has
higher Al2O3 than Slag1. On the other hand, Slag1 has higher fineness than Slag4.
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The amounts of cement, slag, and calcium sulfate hemihydrate were calculated by
considering the sulfate level before every single experiment. The sulfate level is introduced as
sulfate (SO3) coming from the cement, slag, and added calcium sulfate hemihydrate divided by
the total mass of the cementitious materials in the blended system. The following equation is
expressed for the calculation of SO3 contents in the cement-slag systems:

SO3 Content (%) =

(𝑀𝐶𝑒𝑚 𝑥𝑆𝑂3𝐶𝑒𝑚 )+(𝑀𝑆𝑙𝑎𝑔 𝑥𝑆𝑂3𝑆𝑙𝑎𝑔 )+(𝑀𝐻𝑒𝑚𝑖 𝑥𝑆𝑂3𝐻𝑒𝑚𝑖 )
𝑀𝑐 +𝑀𝑆𝑙𝑎𝑔 +𝑀𝐻𝑒𝑚𝑖

Eq. (4.1)

where
MCem is mass of the cement in cement-slag system
SO3Cem is sulfate content of cement from XRF analysis (%)
MSlag is mass of the slag in cement-slag system
SO3Slag is sulfate content of slag from XRF analysis (%)
MHemi is mass of the hemihydrate in cement-slag system
SO3Hemi is sulfate content of hemihydrate from XRF analysis (%)

Second-order polynomial and Gaussian distribution were used for estimating the optimum
sulfate levels in the cement-slag system. One assumed that the peaks were symmetric. The
researcher did not observe any asymmetric distribution in this research. A sample of Gaussian and
2nd-order polynomial fit for three-day Cement B-Slag1 compressive strength results versus sulfate
levels, as seen in Figure 4.1. The Gaussian and 2nd order polynomial fits overlap, and they have a
solid agreement. Consequently, the optimum compressive strength and heat of hydration test
results were estimated with a second-order polynomial and Gaussian distribution.
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Cement B-Slag1

Compressive strength (psi)

3400

Gaussian Distribution
(Stress)

3300

Avg stress (psi)

3200
3100

2nd-order Polynomial
Function

3000
2900
2800

0

1

2

3

4

5

6

7

SO3 Content %

Figure 4.1 Gaussian and 2nd-order polynomial fit for three-day Cement B-Slag1 compressive
strength results versus various sulfate levels.
4.2 Optimization of SO3 Content in the Cement
According to calorimeter experiments, HOH was measured, and the optimum sulfate level
was determined for only cement components. The Figure 4.2 indicates examples of the heat flow
of 100% cement hydration for 72 hours. The heat flow curves provide a general idea about the
overall hydration of all used types of cement. Based on the Lerch's work, a properly retarded
cement should contain the minimum amount of gypsum necessary to generate a curve that
demonstrates two cycles of increasing and declining heat release rates and shows no significant
change with larger additions of gypsum within the first 30 hours of hydration [20], [163].
Following Lerch's statement, the figure indicates that 24-hours is enough to determine optimum
sulfate level for cements. In this research, cement-slag hydration worked took 3 days. That is why
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the researcher continued to measure the HOH of cements for the three days. The researcher did
not prepare a mortar sample for sulfate optimization because of previous research. Many papers
and studies already prove that compressive stress tests and HOH give the same result for
determining sulfate optimization for OPC [20], [22], [23], [163]. However, the optimum one-day
sulfate level was double-checked, with mortar samples prepared for all types of cement. Table 4.1
indicates the optimum sulfate content in Cement A, B, C, and D.

Table 4.1 Optimum SO3 level estimates for Cement A-D
Optimum
SO3 Level (%)

Cem A

Cem B

Cem C

Cem D

1-Day
3-Day

3.3
3.7

3.7
4.1

4.0
4.2

4.4
4.6

Cement D shows higher hydration heat and higher optimum sulfate content at all ages.
Considering aluminate (C3A) and alumina (Al2O3) are some of the most important factors to
consider when optimizing SO3 content in a Cement mixture. Furthermore, alkali solubility can
affect optimum sulfate level. These could help to explain why Cement D has high SO3 optimum
amounts. However, Cement C and cement D have almost the same mineralogical and chemical
composition, although cement D has most fineness than other cements (see Table 3.5). The
increase in fineness increases the reactivity of the aluminate due to increases in the surface area.
This increase in reactivity in aluminate would necessitate additional sulfate to control the reaction.
No optimum sulfate level was observed for Cement C at one day. When the amount of sulfate in
cement C is increased, HOH and compressive stress dropped immediately.
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Cement Heat Flow

Heat Flow (mW/g of cement)

6
5
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4

Cement B
Cement C

3
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2
1
0
0
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24

32
40
Time (hour)

48

56

64

72

Figure 4.2 The heat of hydration flow for 100% Cement A, B, C, and D

4.3 Optimization of SO3 Content in the Slag-Cement Blended System
Several techniques were used for determining the optimum sulfate level on the one and
three days of compressive strength. Six mortar cubes were tested for each sulfate level. The
optimum strength level estimated on the individual strength test results at the same age and the
average of the particular strength results in the same period (shown in Figure 4.3 and Figure 4.4).
There was a minor gap between the compression test results of individual samples fitting and the
results of the average of the six mortar cube samples, as anticipated by the researcher. As seen in
Figure 4.5, there is an excellent substantial agreement between Gaussian and second-order
polynomial fitting.
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Cement D-Slag1
Compressive Strength (psi)

4200

Gaussian
Distribution
(Stress)

3900
3600

Avg stress (psi)

3300
3000

2nd-order
Polynomial Function

2700
2400
0.0

1.0

2.0

3.0
4.0
SO3 Content %

5.0

6.0

7.0

8.0

Figure 4.3 Gaussian and 2nd-order polynomial fit for Cement D-Slag1 individual specimens
compressive strength results versus sulfate level at three days.

Cement D-Slag1

Compressive Strength (psi)

4400

Avg stress (psi)

4100
3800
3500

Gaussian Distribution
(psi)

3200
2900

2nd-order Polynomial
Function

2600
2300
0.0

1.0

2.0

3.0
4.0
SO3 Content %

5.0

6.0

7.0

8.0

Figure 4.4 Gaussian and 2nd-order polynomial fit for Cement D-Slag1 average of specimens
compressive strength results versus sulfate level at three-day.
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2nd order polynomial estimate by average
of specimens

Compressive strength
5.0
R² = 0.9988

4.5
4.0
3.5

Average

3.0

Linear (Average)

2.5
2.5

3.0
3.5
4.0
4.5
Gaussian estimate by average of specimens

5.0

Figure 4.5 The Gaussian versus 2nd order polynomial estimate the average strength of the
specimens' optimum sulfate level at 1-day and 3-days

The heat flow of samples and total heat of hydration (HOH) were measured by isothermal
calorimetry. The calorimetry was calibrated before each experiment to ensure the best
experimental results and verify the stability of the baseline. Figure 4.6 indicates an example of the
heat flow of Cement C-Slag 4 at various sulfate levels. The heat flow curves provide a general idea
about the overall hydration of the cement-slag system. They mainly deliver remarkable changes in
the reaction of the aluminate phases from increasing the sulfate level in the blended OPC-slag
system.
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Cement C-Slag4
Heat Flow (mW/g of cementitious)

4.5

Cem C-Slag4-SO3 2.1%

4
Cem C-Slag4-SO3 2.7%

3.5
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3

Cem C-Slag4-SO3 3.7%

2.5

Cem C-Slag4-SO3 4.3%

2
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1.5
1
0.5
0
0

8
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Time (hour)

48

56

64

72

Figure 4.6 Heat flow of Cement C and Slag 4 in different sulfate level

The total heats of hydration increased with increase SO3 contents in the cement-slag
system; likewise, the strength increased. The heats of hydration declined with the higher SO3 levels
in the blended system; in the same way, the strength decreased. Notwithstanding, the types of
cement and slags come by own various chemical and mineralogical composition, this stable
relation sustained even the different sulfate levels. As seen in Figure 4.7 and Figure 4.8, this
relationship was observed even at different age of the samples.

64

CementA-Slag1 1day
Strength

125.00

1550
HOH

1450

Poly. (Strength)
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115.00

Poly. (HOH)
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SO3 Content %
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Figure 4.7 Comparison of compressive strength and total heat of hydration of one-day Cement
A-Slag 1 on the different sulfate levels

CementA-Slag1 3day

200.00

Compressive Strength (psi)

Strength

195.00

3000

Poly.
(Strength)

2600

Poly.
(HOH)

2400
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SO3 Content %
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Total Heat (J/g cementitious)
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Figure 4.8 Comparison of compressive strength and total heat of hydration of three-day Cement
A-Slag 1 on the different sulfate levels
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Furthermore, the optimum sulfate level was estimated with the total heat of hydration in a
similar way to compressive strength. Gaussian distribution and second-order polynomial function
were used for determine optimum sulfate levels. The estimation of optimum sulfate levels for the
compression strength and total heat of hydration is seen in Table 4.2. This table indicates that there
is a substantial relationship between compression strength and heat of hydration to determine
optimum SO3 content in the slag-cement system.
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3 DAY

1 DAY

Table 4.2 Optimum SO3 level estimates on compressive strength and calorimetry test
Compressive Stress
HOH
Average
Individual
Age
Sample
2nd
2nd
2nd
Gaussian
Gaussian
Gaussian
order
order
order
CemA-S1
2.1
2.1
2.2
2.2
2.2
2.2
CemB-S1

1.9

1.8

2.3

2.3

2.3

2.3

CemC-S1

2.0

2.0

2.0

2.0

2.0

2.0

CemD-S1

2.5

2.4

2.4

2.4

2.4

2.4

CemA-S4

3.0

3.0

3.0

3.0

3.1

3.1

CemB-S4
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Additionally, this strong correlation was verified using Matlab. The optimal sulfate data
points were fitted with a linear function, and then the coefficient of determination, R2, was
estimated. After that, the data's standard error and 95% prediction interval was calculated by the
Matlab code. The original data, linear fit, and 95% prediction interval are plotted in Figure 4.9.
A correlation between compressive strength and total heat of standard mortar was obtained
in this study. Besides, as demonstrated by previously conducted research [20], [23], [24], [27],
[210], the relation between compressive stress and HOH was established. Thus, this correlation
provides trustworthy information for determining optimum sulfate levels. Consequently,
isothermal calorimetry can be used to estimate the optimum sulfate level of cement-slag systems
instead of using traditional compressive strength testing at an early age. Calorimetry provides more
reliable, sensitive results than the compressive stress tests, and is less labor intensive. It can provide
a broader range of results.
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Figure 4.9 Optimum sulfate level for the compression strength versus optimum sulfate level for
total heat of hydration (HOH). The linear fit and 95% prediction interval on the data

4.4 Factors Affecting the Sulfate Demand in the OPC-Slag System
4.4.1 The Effect of Alumina (Al2O3) in the Slag
It is obviously seen that (see Table 4.2), the same cement groups are mixed and reacted
with different slag, they require different amount of SO3. In this research, Slag 4 requires more
SO3 than Slag 1. The reason for this phenomenon that Slag4 has higher Al2O3 than Slag1 (see
Table 3.1). Increases in the amount of alumina in the slag increase slag reactivity in the blended
system so that it would allow for more monosulfoaluminate and ettringite to be produced [126],
[211]. Previous studies noted that even though slag addition reduces aluminate content, the total
cementitious alumina content may increase, depending on the slag's alumina content. Researchers
who supported this theory have argued that while slag's alumina is not readily available to shape
69

Afm and Aft. Thus, it is stabilized with the addition of sulfate (extra hemihydrate in this research)
in the high-aluminum slag [9], [126], [211], [212]. Since ettringite incorporates sulfate in its
structure it would require additional sulfate. Therefore, alumina is one of the most important
factors to consider when optimizing SO3 content in Cement-Slag mixture.

4.4.2 The Effect of Cement Particle Size and Fineness
The fineness of cement and slag affects the rate of hydration. Increased surface area
enhances the solubility and hydration rate. Besides, since surface area increases due to fineness
increase, C3A and Al2O3 reactivity increases; as the reactive of C3A and alumina increases, an
additional SO3 compound will be required to control the hydration.
Cement C and cement D have almost the same mineralogical and chemical composition
although cement D has most fineness than other cements (see Table 3.5). The increase in fineness
increases the reactivity of the aluminate due to increases in the surface area. This increase in
reactivity in aluminate would necessitate additional sulfate to control the reaction. It seems that
the fineness of the cement would be an important consideration in determining the quantity of SO3
required.

4.4.3 The Effect of the Alumina with Mean Particle Size Distribution and Slag Activity
In hydrated cement-slag system, SO3 is consumed by Al2O3 that is present as crystalline
aluminate and ferrite of cement and amorphous slag. Generally, two main factors have an effect
on SO3 optimization: total amount of Al2O3 and particle sizes of cement and slag. Higher Al2O3
content of cement-slag system demands higher SO3 content. If mean particle size of cement or slag
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is lower, the hydration rate of these materials will be higher, and, respectively, will be higher Al2O3
content of material in reaction with SO3.
Many hydraulic chemical modules have been described as indices of slag activity (ISA).
Hydraulic moduli are typically associated with GGBS compressive strength. The major oxides
CaO (C), Al2O3 (A), SiO2 (S), and MgO (M) are part of the common modules used for the
hydraulic reactivity estimation for slags, or compressive strength in blended mortars [10], [14],
[117], [128], [129]. Some of the most important well-known basicity index or hydraulic index
𝐶

𝐶+𝑀

𝑆

𝑆

formulae are 𝑀1 = , 𝑀2 =

, and 𝑀3 =

𝐶+𝑀+𝐴
𝑆

[10], [128], [129]. However; all modules

are convenient instruments for quickly assessing slag quality, the index M3 is the most widely used
[14]. Considering these points; researcher plotted two graphs.

𝑃𝑐𝑒𝑚𝑒𝑛𝑡

𝐴𝑙2𝑂3𝑐𝑒𝑚
𝑑𝑐𝑒𝑚

+ 𝑃𝑠𝑙𝑎𝑔

𝐴𝑙2𝑂3𝑠𝑙𝑎𝑔
𝑑𝑠𝑙𝑎𝑔

𝛼𝐼𝑆𝐴

Eq. (4.2)

where,
𝑃𝑐𝑒𝑚𝑒𝑛𝑡 is the fraction of cement in OPC-Slag system
𝐴𝑙2𝑂3𝑐𝑒𝑚 is the alumina content of cement from XRF analysis
𝑃𝑠𝑙𝑎𝑔 is the fraction of slag in the OPC-Slag system
𝐴𝑙2𝑂3𝑠𝑙𝑎𝑔 is the alumina content of slag from XRF analysis

𝛼𝐼𝑆𝐴 is index of slag activity (

𝐶+𝑀+𝐴
𝑆

)

𝑑𝑐𝑒𝑚 and 𝑑𝑠𝑙𝑎𝑔 are the mean particle size/mean diameter (in microns) for cement and slag,
respectively

71

(Al2O3/MPS(cem)+(Al2O3/MPS(sl))*α ISA
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Figure 4.10 The ratio of the cement alumina content to mean particle size of cement plus slag
alumina content to mean particle of slag size versus optimum SO3 level.

Figure 4.10 represents how the ratio of alumina content of cement to mean particle size
plus the normalized ratio of slags alumina content to mean particle size of slags with optimum SO3
content in mixtures (50S1 and 50S4 with Cem A-B-C-D). The researcher also shows how the ratio
of the cement's total amount of aluminate and ferrite to mean particle size of cement and the ratio
of alumina content of slag to the mean particle size of slags with optimum SO3 content in mixtures.
Figure 4.11 displays this relationship by using the determined optimum sulfate level in the
calorimeter experimental results.
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𝑃𝑐𝑒𝑚𝑒𝑛𝑡

(𝐶3𝐴+𝐶4𝐴𝐹)𝑐𝑒𝑚
𝑑𝑐𝑒𝑚

+ 𝑃𝑠𝑙𝑎𝑔

𝐴𝑙2𝑂3𝑠𝑙𝑎𝑔
𝑑𝑠𝑙𝑎𝑔

𝛼𝐼𝑆𝐴

Eq. (4.3)

where,
𝑃𝑐𝑒𝑚𝑒𝑛𝑡 is the fraction of cement in OPC-Slag system
(𝐶3𝐴 + 𝐶4𝐴𝐹)𝑐𝑒𝑚 is the aluminate and ferrite content of cement from XRD analysis
𝑃𝑠𝑙𝑎𝑔 is the fraction of slag in the OPC-Slag system
𝐴𝑙2𝑂3𝑠𝑙𝑎𝑔 is the alumina content of slag from XRF analysis

𝛼𝐼𝑆𝐴 is index of slag activity (

𝐶+𝑀+𝐴
𝑆

)

𝑑𝑐𝑒𝑚 and 𝑑𝑠𝑙𝑎𝑔 are the mean particle size/mean diameter (in microns) for cement and slag,

(C3A+C4AF/MPS(cem)+(Al2O3/MPS(sl))*α ISA

respectively

2.50

2.00

y = 0.8731x - 0.5607
R² = 0.8296

1.50
y = 0.61x - 0.4515
R² = 0.9772

1.00

0.50

0.00
0.00

1.00

1-Day

3-Day

Linear (1-Day)

Linear (3-Day)

2.00

3.00

4.00

5.00

SO3 optimum (%)
Figure 4.11 Total amount of aluminate and ferrite to mean particle size of cement and the ratio of
alumina content of slag to the mean particle size of slags versus optimum SO3 level
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There is an excellent substantial agreement between the ratio of alumina content of cement
to mean particle size plus the normalized ratio of slags alumina content to mean particle size of
slags with optimum SO3 content in mixtures. Researcher also found a similar strong agreement
between how the ratio of the cement's total amount of aluminate and ferrite to mean particle size
of cement and the ratio of alumina content of slag to the mean particle size of slags with optimum
SO3 content in mixtures. As seen in the figures; 3-day blended samples correlation is much better
than 1-day samples. The reason is slag hydration rate is slower than cement hydration rate. This
contribution demonstrates itself at higher ages. Moreover, equation 4.3 can prove that the
aluminate effect on sulfate optimization and ferrite may affect sulfate optimization in the slagOPC system. Mainly, Slag 4 significantly improved the hydration rate of ferrite because of its high
slag activity. Slag 4, which is high alumina and alkali content, is more reactive than Slag1 and has
increased the hydration rate.
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Chapter 5: Conclusions
5.1 Summary and Conclusions
From a historical perspective, the determination of sulfate content on cement and blended
cement has become a crucial problem for researchers. This research investigates how the sulfate
level could be conceptually optimized for slag and Portland cement are blended. The determination
of optimum SO3 content in this research has been made considering these materials' chemical and
physical characteristics. The chemical oxide compositions of the slags, hemihydrate, and cements
were carried out by using XRF and the mineralogical composition of the cements and slag were
determined by using XRD. The particle size distribution of as-received dry materials powders was
measured via Horiba LA-950 particle size analyzer.
A matrix consisting of four OPC with variable fineness, C3A, C4AF content of cement, and
two slags with low and high alumina contents was investigated for optimum SO3 content. A single
replacement level of 50% by mass of slag was used only at 23 ℃. The researcher studied the
effects of fineness, aluminate, ferrite content of cement, and alumina content of slag, based on
compressive strength and isothermal calorimetry testing at one and three days.
The researcher obtained a correlation between compressive strength and total heat of
standard mortar corroborate in this study. The total heat of hydration increased with increased SO3
contents in the cement-slag system; likewise, the strength increased. The heats of hydration
declined with the higher SO3 levels in the blended system; in the same way, the strength decreased.
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Thus, isothermal calorimetry can estimate the optimum sulfate level of cement-slag systems
instead of traditional compressive strength testing at an early age. Calorimetry provides more
reliable, sensitive results than the compressive stress tests, and calorimeter tests are less labor
intensive than the compressive test. It can provide a broader range of results.
The findings indicate a strong influence of aluminate, ferrite content of cement, and Al2O3
content of slag and mean particle size and fineness of both cement and slag on optimum SO3
content based on the heat of hydration and compressive strength testing. Higher alumina amount
in the slag increases slag reactivity in the blended system. Therefore, alumina is one of the most
important factors to consider when optimizing SO3 content in the OPC-slag mixture. Moreover,
increased surface area enhances the solubility and hydration rate. Besides, since surface area
increases due to fineness increase, aluminate and Al2O3 reactivity increases; as the reactive of C3A
and alumina increases, an additional SO3 compound will be required to control the hydration. In a
hydrated cement-slag system, SO3 is consumed by Al2O3 that present mainly in crystalline
aluminate and ferrite of cement and amorphous of slag. Generally, two main factors affect SO3
optimization: the total amount of Al2O3 and particle sizes of cement and slag. Higher Al2O3 content
of cement-slag system demands higher SO3 content. If the mean particle size of cement or slag is
lower, the hydration rate of these materials will be higher, and, higher Al2O3 content will react
with SO3.
Since alumina and aluminate consume more sulfate over time, the degree of hydration of
slag and cement increases; thereby, the optimal sulfate level increases with age. However, adapting
Lerch's work [20] to this study, a properly retarded cement-slag system needs to contain the
minimum amount of sulfate sources (e.g., gypsum and hemihydrate) necessary to generate a curve
that demonstrates two cycles of increasing and decreasing heat release rates. Also, as seen in
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Figure 4.6, after some point heat flow rate stabilizes and gets close to zero. Thus, a convenient
optimum SO3 level and proper optimization age may be specified depending on the hydration heat
flow.

5.2 Future Work
This optimization research can be developed and extended in several ways. In order to
improve the accuracy and reliability of the findings, more cements, slags, different calcium sulfate
forms (especially gypsum and hemihydrate), and chemical admixture can be tested at various
temperatures. It can help recognize whether the slag and other phases affect the optimum sulfate
concentration. Additionally, it enables increasing the number of parameters for the optimum
cement-slag mixture model, if it will be needed. Furthermore, the increased temperature can
increase the hydration rate of slag and cement, but also, particularly over 40 ℃, some phases can
be converted into some other phase (e.g., the transformation from ettringite to monosulfoaluminate
[213] ). For all these factors, the optimal sulfate amount on the cement-slag system may shift.
A more detailed understanding of sulfate's effect on hydration can be obtained through
developing a thermodynamic model. It may be possible to better understand the hydration
processes by better characterizing and identifying the slag's amorphous phases. An alternative
mixture with a different slag/cement ratio can be prepared and examined to how increasing or
decreasing slag amount in the system affects the sulfate optimization. It can be used to design highvolume slag-OPC systems to deal with the issues encountered when developing that application,
including poor early age strength.
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